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1 Abstract 
The process of speciation is the splitting of single populations into two or more distinct, 
reproductively isolated taxa. Common modes of speciation are sympatric, allopatric and 
parapatric speciation, with speciation in allopatry being the most frequently documented 
mode to date. In allopatric speciation, geographical barriers physically separate populations, 
allowing these now isolated groups to evolve reproductive barriers, i.e. barriers to 
successful reproduction, which can take the form of premating, postmating prezygotic or 
postzygotic barriers. Species level phylogenies derived from molecular data may provide 
an indirect record of speciation events, and can, when combined with morphological traits, 
be used to investigate at what stage in the speciation process (e.g. early speciation, recent 
speciation, reversed speciation) taxa currently are. In this thesis, I used a range of 
molecular methods and morphological analysis to investigate different stages in the 
speciation process. More specifically, I investigated four different species/species 
complexes exhibiting varying degrees of genetic and morphological divergence in order to 
investigate where in the speciation process taxa are and to discuss the evolutionary 
processes involved in the speciation events.  
First, the phylogeographic pattern of the common redstart (Phoenicurus 
phoenicurus) was described and the level of genetic divergence quantified. In this system, 
high divergence within the mitochondrial DNA (5% K2P distance, COI) combined with 
low morphological divergence appears to reflect reversed speciation. Second, I found a 
similar pattern of high genetic divergence (1.5-4.1% K2P distance, COI) in the autumnal 
moth (Epirrita autumnata), for which low morphological divergences have previously 
been found. Moreover, an association between the moths’ mtDNA divergence and 
infection by different Wolbachia strains was found, and I suggest that this association 
maintains the mitochondrial variation. In contrast to these two studies, the bluethroat 
(Luscinia svecica) subspecies complex was characterized by exhibiting low genetic 
divergence (mean genetic distance 0.7%, K2P distance, COI) and high morphological 
differences and, as such, appears to exhibit signs of early speciation. Importantly, these 
contrasting patterns may be explained by differences in both ecology and sexual selection 
pressures experienced by each of the species/populations, with the bluethroats being 
subject to strong diversifying sexual selection for male primary and secondary sexual 
characters.  
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 A third goal of this thesis was to investigate whether sperm characters and 
genetic markers evolve at different speeds. In the bluethroat subspecies complex, where 
mitochondrial divergence was low, I found evidence of rapid evolution of sperm 
morphology, suggesting that rapid evolution of gametes may be an important factor 
involved in the early stages of speciation. Finally, I studied the black-and-white Ficedula
flycatchers, a group of species suggested to have undergone recent speciation, in order to 
investigate variation in the rate of evolution between the Z chromosome (i.e. sex 
chromosome) and the autosomes. In this system, I found contrasting patterns in the 
evolution of the Z chromosome versus the autosomes. Specifically, my results revealed 
increased divergence and reduced variation on the Z chromosome compared to the 
autosomes, a finding that is best explained by the faster-Z hypothesis. As the Z 
chromosome has been linked to sexually selected traits in the Ficedula flycatchers, I 
suggest the contrasting pattern of evolution on the Z vs. autosome may have implications 
for the process of speciation processes in these species. In conclusion, my thesis highlights 
the utility of combining patterns of genetic and phenotypic divergence to identify at what 
stage of the speciation process taxa occur and how variation in evolutionary rates between 
traits can contribute to our understanding of the speciation process.  
4 
2 General introduction 
Speciation is the process in which a single population splits into two or more distinct, 
reproductively isolated taxa (Mayr, 1963). Understanding the processes underlying 
speciation remains a fundamental challenge in biology. Moreover, understanding the 
mechanisms that generate species diversity is essential if we are to conserve biological 
diversity at both the local and global scale. In this thesis, I make use of four study 
organisms/groups that show varying degrees of morphological and genetic divergence to 
investigate early stages of the speciation process and factors that may characterize each of 
these stages and contribute to speciation.  
Common modes of speciation are allopatric, parapatric and sympatric speciation 
(Coyne & Orr, 2004). Allopatric speciation occurs when populations are geographically 
isolated by an extrinsic barrier (e.g. mountain range or body of water) and reproductive 
isolating mechanisms (i.e. reproductive barriers) have sufficient time to evolve such that, if 
populations come into secondary contact, individuals are no longer able to interbreed. 
Under such a scenario, the two populations are considered distinct species (Mayr, 1963). In 
contrast, parapatric speciation occurs when two divergent populations are only partially 
separated, and while individuals from these populations may occasionally come into 
contact and reproduce, selection for specific behaviors or isolating mechanisms eventually 
prevents them from interbreeding (Endler, 1977). Finally, sympatric speciation occurs 
when two or more species evolve from a single ancestral species while inhabiting the same 
geographic area (Maynard Smith, 1966; Bush, 1994). Evidence suggests that the majority 
of speciation occurs in allopatry (Coyne & Orr, 2004), indicating that geography is an 
important driver of species divergence and that gene flow between populations tends to 
restrict the speciation process.  
Sexual selection arises from differences in reproductive success among individuals 
within a population (Darwin, 1871). Such differences may occur if there is choice for 
specific traits in one sex by the other (e.g. female choice) or through competition between 
members of the same sex (e.g. male-male contest competition, sperm competition; 
Andersson, 1994). Sexual selection can be a powerful evolutionary force and is suggested 
to increase the rate of reproductive divergence between populations and thereby drive the 
evolutionary diversification of clades (Schluter & Price, 1993; Barraclough et al., 1995; 
Panhuis et al., 2001). For example, males may evolve secondary sexual signals (i.e. traits 
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that reveal information about the bearer to females) through female mate preferences, 
which may then create barriers to gene flow and hence promote reproductive isolation 
(Barraclough et al., 1995), which is critical to the process of speciation. Reproductive 
barriers fall into three major categories: premating, postmating prezygotic and postzygotic. 
Premating barriers prevent or reduce the likelihood of copulation and the subsequent 
formation of hybrid zygotes, and may arise from behavioral or ecological (i.e. differences 
in species’ behavior or ecology that prevent courtship or copulation) or mechanical (i.e. 
inhibition of normal copulation due to incompatibility of reproductive structures) isolation. 
Postmating prezygotic barriers act after the transfer of gametes (i.e. sperm or pollen) but 
prior to fertilization, and may arise as copulatory behavior isolation (i.e. behavior of one 
individual is insufficient to allow normal fertilization) or as gametic isolation (i.e. gamete 
is transferred but unable to fertilize an egg). Finally, postzygotic barriers act after 
fertilization, manifesting as hybrid inviability (i.e. hybrids suffer developmental problems 
causing full or partial lethality) or sterility (i.e. hybrids are partially or completely sterile; 
Coyne & Orr, 2004). 
Species level phylogenies derived from molecular data provide an indirect record 
of events leading to the diversification of taxa. Phylogenies describe the evolutionary 
history of a species or higher taxonomic unit, especially in reference to lines of descent and 
relationships among groups of organisms. A related field of biology is phylogeography, 
which concerns the geographical mapping of neutral genetic structure within and among 
closely related species (Avise, 2000). Importantly, phylogeography can sometimes reveal 
major historical lineages and historical changes in population size and range (Avise et al., 
1987; Avise, 2000). Thus phylogenies and the field of phylogeography can be powerful 
tools that help us understand the process of speciation. For example, deep DNA divergence 
in species suggests that periods of allopatry have played an important role in the process of 
speciation. More specifically, the amount of genetic divergence between populations acts 
as a measure of time since separation (Hewitt, 2004). 
Traditionally, phylogeographic studies have utilized mitochondrial markers for 
investigating relationships at or below the species level. They have done so for a number of 
reasons. First, mitochondrial DNA has a relatively high mutation rate relative to nuclear 
DNA; though actual rates may vary among markers. Additionally, due to predominantly 
maternal inheritance, they exhibit little or no recombination (Avise, 2000; but see Kvist et 
al., 2003). Relative to nuclear introns, mtDNA has a smaller effective population size, 
faster coalescent time, more rapid evolution at the nucleotide sequence level and extensive 
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intraspecific polymorphisms (Avise, 2000). Thus mitochondrial markers allow distinct 
taxonomic units to be easily identified and discriminated from one another (Avise, 2000; 
Hewitt, 2001; Zink & Barrowclough, 2008). Furthermore, mitochondria are present in the 
majority of cells, occur in high copy numbers and are relatively easy, rapid and cheap to 
sequence (Zink & Barrowclough, 2008). Consequently, when a species is well sampled 
throughout its geographical range, a phylogenetic tree of mtDNA haplotypes, rooted with 
an outgroup, can reveal whether closely related haplotypes coexist throughout the entire 
range or whether some/all haplotypes show localized distributions within the larger range 
(Zink & Barrowclough, 2008). This has been the essence of phylogeography (Avise et al., 
1987) and knowledge of the geographic distribution of haplotypes continues to be a vital 
component of modern phylogeography. Nevertheless, phylogeography has been criticized 
for relying too heavily upon this single gene system (i.e. mitochondrial DNA) as a means 
to determine evolutionary decent (e.g. Ballard & Whitlock, 2004; Edwards et al., 2005; 
Bazin et al., 2006). Moreover, the use of a single gene system has been criticized because 
selection pressures may vary across regions and thus the evolutionary patterns observed in 
mitochondrial DNA may not be representative of the evolutionary history of the entire 
genome. Furthermore, the possibility of amplifying pseudogenes and interspecific 
hybridization can obscure the delineation of lineages. However, these pitfalls can often be 
avoided through the use of molecular and numerical analyses and by testing for 
congruence between nuclear and mitochondrial genes (Bermingham & Moritz, 1998).  
An alternative to mitochondrial markers is the use of nuclear introns, which are 
non-coding DNA regions situated between coding exon regions (Gilbert, 1978). Intron 
sequences can, in theory, be treated in an identical manner to mtDNA sequences to 
construct gene trees utilizing individual haplotypes as terminal taxa in phylogenetic 
analyses (Zink & Barrowclough, 2008). However, because introns typically have slower 
rates of mutation relative to mtDNA (Willows-Munro et al., 2005), they tend to display 
less variation per sequenced base. This, together with the four-fold higher effective 
population size compared to mitochondrial genes, means that mtDNA is able to detect 
more recent splits that nuclear loci are unable to resolve (Zink & Barrowclough, 2008). 
Among nuclear markers, Z-linked and autosomal loci have different divergence times due 
to differences in their population sizes; in species with female heterogamy (e.g. birds, 
moths), the effective population size of Z-linked loci is (ideally) 3:4 of the autosomal loci 
(due to females only having one copy of the Z chromosome). Therefore, under conditions 
of a balanced sex ratio and equal mutation rates, the neutral expectation is that the 
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nucleotide variation of Z-linked genes would be 3:4 that of autosomal variation (Ellegren, 
2009). However, several bird studies have reported this ratio to be below 3:4, suggesting 
that additional forces may reduce variation on the Z chromosome relative to the autosomes 
(Berlin & Ellegren, 2004; Borge et al., 2005b; Backström et al., 2010; Storchova et al., 
2010).  
2.1 Main aims 
In this thesis I investigated four study systems that show varying degree of divergence in 
mitochondrial DNA. First, I used two species (common redstart, autumnal moth) for which 
high mitochondrial divergence has been found within sympatric populations (Johnsen et al.
2010, Johnsen, Lifjeld & Aarvik unpublished data) in order to investigate what stage of 
speciation these species currently occupy (paper I and II). Next, I used a group of allopatric 
bluethroat subspecies exhibiting low mitochondrial divergence, to test if there is a 
relationship between genetic divergence and sperm divergence across subspecies (paper 
III). Finally, I studied a group of four allopatric sister species (flycatchers) that exhibit 
intermediate levels of mitochondrial divergence (relative to the autumnal moth and the 
common redstart; Sætre et al. 2001). Additionally, in this group, a contrasting pattern 
between Z-linked and autosomal loci has been observed in two of the four species (Borge
et al., 2005b), and here I investigated whether or not this pattern holds for the complete 
species complex (paper IV).  
I chose to work with these study groups because of the contrasting patterns of 
divergence and geographical distribution. More generally, these groups allowed me to 
investigate if differences in mitochondrial divergence between species could be explained 
by these species being in different stages of speciation (e.g. speciation in reverse [paper I 
and II], early speciation [paper III], recent speciation [paper IV]). Finally, these study 
systems also allowed me to investigate whether morphological and molecular traits vary 
with respect to speed of evolution, and to consider how variation in evolutionary rates 
might be associated with the speciation process (paper III and IV). 
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 3 General methods 
3.1 Study taxa 
The common redstart (Phoenicurus phoenicurus) 
The common redstart is a small (~15g) sexually dimorphic passerine bird belonging to the 
family Muscicapidae (Figure 1). Distributed across Europe, Asia and North Africa, the 
species breeds in the Western Paleartic and winters in North Africa (Cramp, 1988b). The 
breeding system of the common redstart is predominantly characterized as social 
monogamy (Kleven et al., 2007), though instances of polygyny (males mating with several 
females in different territories) have been observed (del Hoyo et al., 2005). Based on 
differences in the male plumage coloration, two subspecies of the common redstart have 
been described: P. p. phoenicurus and P.p. samamisicus (Cramp, 1988b). Moreover, deep 
mtDNA divergence have been observed using cytochrome c oxidase subunit I (COI, ~ 5%) 
in sympatric populations (Johnsen et al., 2010), and studies have shown that this species 
exhibit low sperm competition (Kleven et al., 2007). 
Figure 1: Male common redstart captured in Trysil, Norway. Photo: Silje Hogner.
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The bluethroat (Luscinia svecica) 
The bluethroat is a small (~18g), sexually dimorphic passerine bird belonging to the family 
Muscicapidae (Figure 2). The breeding range of the bluethroat extends from the western 
Palearctic to eastern Eurasia, whereas the wintering grounds are restricted to Africa and 
Southeast Asia (Cramp, 1988a). The bluethroat subspecies complex is putatively 
comprised of 10 subspecies, all of which are migratory, though migration distances vary 
among subspecies. Males possess a colorful throat patch which they display during 
courtship (Figure 2; Peiponen, 1960). In contrast, throat coloration is absent or highly 
reduced in females (Johnsen et al., 2006). Importantly, the color of this throat patch varies 
among subspecies. In the five subspecies used in the present study, the throat patch is 
chestnut-colored in the nominate, L. s. svecica, white in L. s. cyanecula, (Central Europe) 
and L. s. namnetum (Atlantic coast, France), mostly absent in L. s. azuricollis (Spain), and 
white or chestnut in the L. s. volgae (Russia) (Cramp, 1988a). In addition, male size varies 
across the subspecies, with the L. s. namnetum males being the smallest of all subspecies 
and L. s. magna the largest (Cramp, 1988a; Johnsen et al., 2006). Moderate support for 
subspecies classification has been found using mitochondrial markers (Questiau et al. 1998; 
Zink et al. 2003). Specifically, Questiau et al. (1998) found differences between L. s. 
svecica and L. s. namnetum, while Zink et al. (2003) in a study of seven subspecies found 
support for two clusters, one northern clade, and one more southern clade of central and 
southern European subspecies. Additionally, Johnsen et al. (2006) found evidence of 
genetic differentiation between the following five subspecies, L. s. svecica, L. s. cyanecula, 
L. s. namnetum, L. s. magna and L. s. azuricollis based on microsatellite data. Finally, 
sperm competition has been shown to be high in this species (Krokene et al., 1996; 
Johnsen & Lifjeld, 2003). 
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Figure 2: Male bluethroat displaying in Heimdalen, Norway. Photo: Bjørn A. Bjerke. 
The European black-and white Ficedula flyctachers 
The European black-and-white flycatcher complex consists of four species; pied (F. 
hypoleuca), collared (F. albicollis), semicollared (F. semitorquata) and Atlas (F. 
speculigera), all of which are small (~13g), sexually dimorphic passerines belonging to the 
family Muscicapidae (Figure 1, paper IV). These species breed in forested areas in North 
Africa, Europe and the near East during spring and summer, and spend the rest of the year 
in tropical habitats in Africa (Lundberg & Alatalo, 1992). Phylogeographic evidence 
suggests that these taxa are genetically distinct species that originated from a single 
ancestor in allopatry around the Mediterranean Sea during Pleistocene (Sætre et al., 2001). 
Genetic evidence based on mitochondrial markers (ND6, cytochrome b, partial RNA genes) 
suggests that these four lineages diverged approximately 1.5-2 million years ago (Sætre et 
al., 2001). Consistent with these estimates, COI data suggests a divergence time of around 
1-1.5 million years ago (Figure 3; this thesis). Different genetic and morphological markers 
have been used to investigate these species, especially the pied and collared flycatcher, 
where a contrasting pattern of increased divergence and reduced variation are found on Z 
chromosomes compared to autosomes (Borge et al., 2005b; Ellegren et al., 2012). Finally, 
the pied flycatcher has been shown to have low to moderate levels of sperm competition 
(e.g. Lifjeld et al., 1991; Rätti et al., 1995), while the collared flycatcher exhibits moderate 
to high levels of sperm competition (Sheldon & Ellegren, 1999; Krist et al., 2005). 
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Figure 3: A Neighbour-joining analysis of 52 Ficedula flycatchers (26 from BOLD, 2 from Genbank, 24 
unpublished) based on COI (Kimura 2 Parameter substitution model). Bootstrap support (10000 iterations) is 
shown at each node. Unpublished individuals marked in bold. 
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The autumnal moth (Epirrita autumnata) 
The autumnal moth belongs to the family Geometridae (Lepidoptera; Figure 1, paper II). 
This species is found across Europe, throughout the Caucasus and east to Mongolia and 
Japan. Larvae feed on a wide variety of deciduous trees, including birch (Betula), alder 
(Alnus) and willow (Salix) (Aarvik et al., 2009), and populations regularly undergo size 
fluctuations according to a 9-10 year cycle. The species is considered of agricultural 
importance because, during periods of high larvae densities, larval feeding results in 
significant damage and defoliation to mountain birch forests (Yang et al., 2008). 
Importantly, identification of E. autumnata is challenging due to high within-species 
morphological diversity, especially in terms of pigmentation and size, and because of close 
resemblance to sister taxa such as E. dilutata and E. christyi (Hausmann & Viidalepp, 
2012). Preliminary results from DNA barcoding of Scandinavian moths and butterflies 
(Lepidoptera) have revealed a discrepancy between present species delineation and levels 
of sequence divergence (up to 4 %, COI) in the genus Epirrita (Johnsen, Aarvik & Lifjeld, 
unpublished data), which suggest that this group might consist of several cryptic species.
3.2 Field work and sampling 
Samples were obtained from museum collections and collaborators (mainly from Europe, 
but also from Asia and North Africa) or by sampling of new material from wild 
populations. Specifically, I collected fresh samples from the following populations: 
redstarts were sampled during 2009-2011 in Trysil, Norway (61º14'N, 12º17'E) and Hradec 
Kràlové, Czech Republic (50°10'N, 15°56'E). Bluethroats were sampled during 2009-2010 
in Heimdalen, Norway (61º25'N, 08 º52'E) and 2011 in Briere (47º21'37.9''N, 2º12'5.3''W) 
and Guérande (47º20'N, 2º25'W), France. Semicollared flycatchers were sampled from 
Kamcheya, Bulgaria (42º53'N, 26º58'E) during 2007 and 2011, and Atlas flycatchers were 
sampled from Azrou, Morocco (33º26'N, 5º13'W) during 2008. All field work was 
conducted during the peak of the breeding season for each population. Further details of 
species localities are provided in the individual papers. 
Birds were trapped using mist nets, bait- and box traps, with or without the use of 
vocal playback. Blood was sampled via puncture of the brachial vein on the right wing. For 
all individuals ~ 25 µL of blood was collected and stored in either Queens Lysis Buffer 
(Seutin et al., 1991) or ethanol. For bluethroats and redstarts sperm samples were collected 
via cloacal massage (Wolfson, 1952; Kleven et al., 2008). All birds were released 
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unharmed into their home territories. Moths were collected using light traps, placed in jars 
and returned to the laboratory for processing. 
All bird species used in this thesis are good study species due to their relative 
robustness; handling of individuals for blood sampling and morphological measurements 
does not seem to cause individuals stress or affect their breeding success. Moreover, 
populations of both the Ficedula flycatchers and the common redstart breed readily in 
artificial nest boxes. All necessary permits to catch and sample birds were obtained prior to 
each field season. For the moths, no permits were required for collection of individuals. In 
addition, these moths often appear in high numbers making them easy to locate and sample.  
3.3 DNA extraction, PCR and sequencing 
DNA was extracted from tissue samples (i.e. blood, skin, muscle, middle leg of butterflies) 
following standard protocols using commercially available extraction kits (Omega Bio-tek, 
Georgia, USA; Mole Genetics AS, Lysaker, Norway; Qiagen AB, Sollentuna, Sweden). 
Both fresh and museum samples were analyzed using identical techniques, though a 
variety of molecular markers were utilized. In all instances, polymerase chain reactions 
(PCR) was used to amplify DNA fragments (see individual papers for further details of 
primer and PCR conditions) before they were sequenced using the Sanger method (Sanger
et al., 1977).  
3.4 Sperm analysis 
Following collection, fresh sperm samples were immediately diluted in a small volume of 
phosphate buffered saline and then fixed in 5% formalin solution. To examine sperm 
morphology, a small volume of the formalin fixed sperm was placed onto a clean glass 
slide and allowed to air dry. Sperm cells were then examined at 160x magnification using a 
Leica DM6000 B digital light microscope (Leica Microsystems, Switzerland) and digital 
images were captured with a Leica DFC420 camera (Leica Microsystems, Switzerland). 
For each male, 10 morphologically normal sperm were examined and the following 
measurements recorded: head, midpiece and tail length (to the nearest ±0.1 µm). From 
these measurements the following two additional metrics were also calculated: flagellum 
length (i.e. midpiece + tail length) and total sperm length (i.e. head + midpiece + tail 
length). For each individual male we calculated an average value for each sperm trait. We 
also calculated values for within-male (CVwm) and between-male (CVbm) coefficient of 
variation in total sperm length. Finally, because the CVbm measure has been documented to 
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be underestimated in small population samples (Laskemoen et al., 2007), values of CVbm
were adjusted according to sample size using the following formula: CVbm + (1/(4n)) 
(Sokal & Rohlf, 1995).  
4 Summary of papers 
4.1 Paper I: Deep sympatric mitochondrial divergence without reproductive isolation 
in the common redstart Phoenicurus phoenicurus.
In this paper, we investigated the deep divergence found in mtDNA in the common redstart. 
Our primary goal was to examine this variation with reference to the process of speciation 
(i.e. understanding whether such divergence represents reversed speciation or early 
speciation) and processes such as hybridization and cryptic speciation. As such, this paper 
had the following two main aims. First, we quantified the geographical distribution of the 
two mtDNA haplogroups found in the common redstart (Johnsen et al., 2010) and 
examined the degree of sympatry and interbreeding observed across the species’ breeding 
range. Second, we considered five hypotheses that could explain how such deep mtDNA 
divergence (~ 5% K2P distance) may have originated, and tested a range of predictions 
underlying each of these hypotheses: (1) Amplifying non-functional copies of mtDNA 
(numts) hypothesis – support for this hypothesis would come from the presence of stop 
codons and multiple double peaks in the mitochondrial sequences implying the presence of 
numts. (2) Cryptic species hypothesis – support for this hypothesis would come from the 
occurrence of assortative mating or differences in the sperm morphology between the 
haplogroups. More specifically, the occurrence of these traits would suggest the presence 
of reproductive barriers and therefore the existence of cryptic species. Additionally, 
divergence in nuclear DNA associated with a degree of divergence in mtDNA would also 
suggest the presence of cryptic species. (3) Hybridization hypothesis – the hypothesis of 
hybridization between taxa would be supported if one or more of the haplogroups (based 
on COI) cluster together with another extant Phoenicurus species. (4) Geographic isolation 
hypothesis – evidence of structure in the geographical distribution of the two haplogroups, 
along with different mismatch distributions resulting from different demographic histories 
would support the hypothesis that haplotypes have been geographically isolated in the past. 
Furthermore, a lack of reproductive barriers combined with little or no structure in the 
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nuclear sequences (with respect to the mtDNA lineages) despite high nuclear variation 
would suggest speciation in reverse. Evidence for reproductive isolating mechanisms 
combined with a pattern of divergence in the nuclear data as a result of the two lineages 
being effectively separated would, on the other hand, suggest that the haplotypes are in the 
process of early speciation. Finally, (5) Co-existence / panmictic population hypothesis – 
support for the hypothesis that the haplotypes belong to a single panmictic population 
would come from a lack of geographic population structure and the absence of 
reproductive barriers, as well as similar mismatch distributions and no divergence in the 
nuclear introns.  
These hypotheses were tested by combining sequence data from two mtDNA 
regions (control region and COI) and two nuclear Z-linked introns (BRM-15 and ALDOB-
6), with data on assortative mating and variation in sperm morphology for the two 
haplogroups. Because we found no evidence for mitochondrial pseudogenes, lineage-
specific assortative mating, or variation in sperm morphology, as well as no evidence of 
hybridization with an extant Phoenicurus species (based on a short fragment of the COI), 
we excluded the first three hypotheses. However, introgression from an extinct congeneric 
cannot be excluded. Next, while mitochondrial sequencing revealed two distinct 
haplogrops, sequenced nuclear introns failed to show such distinct groupings. Finally, 
similar mismatch distributions were found for the two mitochondrial haplogroups, 
suggesting that the two mitochondrial lineages have undergone similar recent demographic 
changes. From these results, we concluded that the deep, sympatric mtDNA lineages found 
in the common redstart did not represent cryptic species, nor were they likely to result from 
introgression from extant congenerics. Rather, the data suggested that haplotype 
divergence either evolved in isolated refugia with subsequent secondary contact or 
represented ancestral lineages that coexisted in one panmictic population, or some 
combination of these two scenarios.  
4.2 Paper II: Deep sympatric mtDNA divergence in the autumnal moth (Epirrita 
autumnata, Lepidoptera, Geometridae). 
Here, an ecologically important moth species, the autumnal moth, was used to investigate 
high mtDNA divergence. Importantly, examination of high mtDNA divergence in both a 
moth and an avian species allowed us to investigate whether the processes underlying this 
pattern are consistent across highly divergent taxa. Additionally, we aimed to understand if 
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and how infection by an endosymbiont (i.e. Wolbachia) influences the degree of mtDNA 
variation found within this species.  
To achieve our goal, we examined the high mtDNA variation found within the 
autumnal moth, described the degree of sympatry among haplogroups within Norwegian 
populations of this species and compared variation in mtDNA to variation in nuclear loci. 
More specifically, we investigated four possible explanations for the occurrence of high 
intraspecific mtDNA variation: (1) Assuming sufficient time for divergence, congruence 
between divergence in mtDNA and nuclear DNA sequence data would suggest the 
occurrence of cryptic species. (2) Higher differentiation in mtDNA compared to nuclear 
DNA, based on the relatively high evolutionary rate of mtDNA (Avise et al., 1988), would 
suggest that variation is due to isolation and possibly repeated secondary contact occurring 
long ago. Moreover, assuming sufficient time since range expansion and secondary contact, 
the degree of mtDNA and nuclear DNA structure would reflect the demographic history 
and original geographic distribution of the lineages. (3) Higher differentiation in mtDNA 
compared to nuclear DNA would also be consistent with mtDNA introgression by 
hybridization. Furthermore, the occurrence of overlapping haplotypes with closely related 
species (e.g. E. dilutata and/or E.christyi) would indicate that introgression occurred 
relatively recently in evolutionary time. Finally, (4) an association between Wolbachia
infection status and haplogroups and incongruence between mtDNA and nuclear DNA 
would suggest that Wolbachia infections have influenced mtDNA variation in this species. 
Consequently, we screened samples for Wolbachia to determine whether Wolbachia has 
influenced patterns of mitochondrial diversity in the autumnal moth. 
All individuals were sequenced using a mitochondrial marker (COI), and a subset 
of individuals was sequenced using nuclear markers (ITS2 and wingless) in order to 
resolve the discrepancy found between the mtDNA divergence and present species-level 
taxonomy. A total of five sub-clades were found in the COI region within the autumnal 
moth complex (divergence 1.5-4.1%). The majority of these sub-clades were sympatric and 
showed little geographic variation. In the nuclear markers little variation was found, and 
there was no indication of more than one species present. When screening for Wolbachia
infections, 12 % of the samples tested positive, and two Wolbachia strains were associated 
with different mtDNA sub-clades which may indicate indirect selection/selective sweeps 
on these haplotypes. Thus we concluded that the most likely explanation for the high 
mitochondrial variation is that current populations consist of separate lineages that once 
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evolved in allopatry, without evolving reproductive barriers, and that Wolbachia infections 
may contribute to maintaining this variation in sympatric populations today. 
4.3 Paper III: Rapid sperm evolution in the bluethroat (Luscinia svecica) subspecies 
complex.  
In this paper, we aimed to investigate whether evolution in a subspecies complex could be 
detected using variation in sperm morphology, and to relate this variation to the early 
stages of speciation, using five (Luscinia svecica azuricollis, L. s. cyanecula, L. s. 
namnetum, L. s. svecica and L. s. volgae) subspecies of bluethroats. More specifically, this 
paper had two main aims: 1) To test if there is a relationship between genetic divergence 
and sperm divergence within these five subspecies (across seven study populations), and 2) 
To compare differences in sperm evolution between bluethroat and other species with 
known sperm divergence.  
Our results showed that these subspecies exhibit small genetic divergences in 
neutral markers, and analyses of mtDNA suggests that this subspecies divergence is very 
recent (maximal genetic distance, 0.7% = 350 000 years ago). We found significant 
variation in total sperm length and in the length of some sperm components (i.e. head and 
midpiece) among the subspecies, and a significant correlation between genetic divergence 
and divergence in total sperm length among the subspecies. The degree of divergence in 
sperm morphology found between the bluethroat subspecies was considerably higher than 
those observed between both sister species and other populations/subspecies groups. Taken 
together, we suggest that high divergence in sperm morphology, combined with low 
genetic divergence, indicates rapid evolution of sperm traits in this system. Finally, we 
considered the relative role of selection (e.g. sperm competition) and genetic drift in sperm 
divergence, and suggest that sperm divergence may play an important role in the early 
stages of the speciation process. 
4.4 Paper IV: Increased divergence but reduced variation on the Z chromosome 
relative to autosomes in Ficedula flycatchers: differential introgression or the faster-Z 
effect?
We conducted this study in order to investigate whether higher variation on Z 
chromosomes relative to autosomes, a pattern first described in the pied (Ficedula 
hypoleuca) and collared (F. albicollis) flycatchers (Borge et al., 2005b), occurs in the 
black-and-white Ficedula species complex more generally (i.e. in all four species). More 
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specifically, this paper aimed to test two hypotheses regarding differences in variation 
between Z-linked and autosomal loci using the Ficedula flycatcher species. These two 
hypotheses were: (1) The faster-Z hypothesis (Charlesworth et al., 1987), and (2) The 
differential introgression hypothesis (Carling et al., 2010; Storchova et al., 2010; 
Backström & Väli, 2011). 
The faster-Z hypothesis states that faster adaptive evolution on the Z chromosome 
is expected because (partially) recessive beneficial mutations are not masked by 
dominance in the heterogametic sex. Likewise, (partially) recessive deleterious mutations 
would be more effectively purged on the Z compared to autosomes due to hemizygous 
exposure. Furthermore, associated selective sweeps on the Z chromosome are expected to 
further contribute to reductions in intraspecific polymorphism (Charlesworth et al., 1987; 
Borge et al., 2005b). Genetic drift may also contribute to a faster-Z effect because the 
lower effective population size of the Z chromosome would be associated with increased 
rates of genetic drift and thus an increased fixation rate of mildly deleterious mutations 
(Charlesworth et al., 1987; Mank et al., 2010).  
The differential introgression hypothesis states that the accumulation of 
incompatibilities on the Z chromosome may reduce the rate of introgression of Z-linked 
genes compared to autosomal genes, resulting in the same pattern as predicted by the 
faster-Z hypothesis (Carling et al., 2010; Storchova et al., 2010; Backström & Väli, 2011). 
Thus, the two hypotheses are not mutually exclusive and determining the exact reason for 
such a pattern is difficult. For instance, a faster-Z effect may speed up divergence and 
hence contribute to the accumulation of sex-linked incompatibilities that would reduce Z-
linked introgression (e.g. Elgvin et al., 2011). Nevertheless, this paper employed recently 
developed isolation with migration (IMa) models in order to ascertain the most likely 
underlying cause for the patterns observed in the flycatchers.  
We found that the Ficedula flycatchers show greater genetic divergence on the Z 
chromosome than the autosomes, and that the ratios of intraspecific polymorphism at Z-
linked vs. autosomal markers were below the neutral expectation of 0.75%. Additionally, 
using isolation with migration (IMa) models we estimated gene flow among the four 
closely related flycatcher species. Our results suggest that the patterns found here can best 
be explained by the faster-Z hypothesis, since the estimated long-term gene flow 
parameters were close to zero in all comparisons.
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5 Discussion 
This thesis presents three main findings. First, high mitochondrial divergence was found in 
the sympatric populations of the common redstart and the autumnal moth. This divergence 
was not synonymous with the presence of pseudogenes, early speciation or cryptic 
speciation in either study system. However, in both the common redstart and the autumnal 
moth, we suggested that this divergence may reflect populations that have evolved in 
isolated refugia with secondary contact occurring at a later point in time, without evolving 
reproductive barriers (speciation in reverse), and that the divergence in the autumnal moth 
has been maintained by Wolbachia infections. Second, high divergence was found in both 
primary and secondary sexual characters in bluethroat subspecies. This finding, combined 
with the low divergence in mitochondrial DNA, prompted us to suggest that these sexual 
characters (i.e. sperm and throat coloration) have undergone rapid evolutionary change and 
that the subspecies are in an early stage of the speciation process. Third and finally, we 
found that high variation combined with reduced divergence on the Z chromosome 
compared to the autosomes in the young Ficedula flycatcher species complex was best be 
explained by the faster-Z hypothesis.  
5.1 Speciation in reverse  
The most common pattern found in phylogeography is the splitting of lineages into new 
species, while remerging of divergent lineages (i.e. reversed speciation) is reported 
relatively infrequently (Seehausen et al., 1997; Turner, 2002; Taylor et al., 2006; Webb et 
al., 2011). Four main explanations for the high mitochondrial divergence found in 
sympatric populations are common to both the redstart and the autumnal moth studies: 1) 
The occurrence of pseudogenes, 2) Cryptic speciation, 3) Hybridization, and 4) Speciation 
in reverse. For both paper I and II, we screened sequences for double peaks and stop 
codons, but found evidence of neither. Consequently, the pseudogene hypothesis was 
excluded in both studies. Similarly, we searched for evidence of cryptic speciation by 
investigating reproductive barriers and assortative barriers, but found none. To test for 
hybridization, we compared the mitochondrial sequences from each species with closely 
related species. As before, we found no evidence to support either scenario and thus both 
cryptic speciation and hybridization were ruled out. Instead, we found the most likely 
scenario in both study systems to be one where high divergence was either established in 
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isolated refugia, without the evolution of reproductive barriers, and maintained upon 
secondary contact in sympatry later (speciation in reverse), or that ancestral lineages 
coexisted in one panmictic population. Finally, a combination of these two scenarios may 
also explain our findings. In addition, we found evidence that mitochondrial variation was 
associated with Wolbachia infections in the autumnal moth. Endoparasite infections have 
been suggested to maintain high mtDNA divergence in other insects (e.g. Eurasian two-
spot ladybirds, Adalia bipunctata; (Schulenburg et al., 2002), supporting our suggestion 
that different Wolbachia strains contribute to the maintenance of the lineages found in the 
autumnal moth, and that such lineages are maintained due to indirect selection on different 
haplotypes.  
5.2 Early speciation/rapid evolution of phenotypic traits  
The process of lineage splitting is a well-known phenomenon which may occur in several 
ways, e.g. through subdivision by the appearance of a barrier or because of a rare dispersal 
event across a barrier (Price, 2008). Based on mitochondrial markers, the five bluethroat 
subspecies studied in this thesis show evidence of recent divergence (maximum genetic 
distance 0.7% = 350 000 years ago, paper III). In contrast to this low genetic divergence, 
there are considerable differences in both sperm morphology (paper III) and male throat 
coloration (e.g. Johnsen et al., 2006). Few studies of sperm morphology have been 
conducted on subspecies complexes. However, in a study of the barn swallow (Hirundo 
rustica), Laskemoen et al. (in press), found differences in sperm morphology between 
subspecies, and argued that these differences might result from either genetic drift or 
selection (or a combination of the two factors). Moreover, the authors suggested that sperm 
morphology could provide an indication of genetic distance between species and between 
lineages within species (Laskemoen et al., in press). In paper III, we found a positive and 
significant relationship between sperm morphology and mitochondrial DNA, suggesting 
that drift may explain some of the variance in sperm morphology found within the 
bluethroat subspecies. Nonetheless selection by sperm competition cannot be ruled out as 
an influential factor in the evolution of sperm traits in this subspecies complex. Taken 
together, the low genetic divergence found between the bluethroat subspecies combined 
with the more rapid divergence in both sperm morphology and throat coloration suggest 
that these subspecies are in the early stages of speciation.  
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5.3 Recent speciation, Z chromosome evolution and the faster-Z hypothesis  
The black-and-white Ficedula flycatchers are four well-studied species that have 
undergone recent speciation. The collared and pied flycatchers in particular have been 
studied intensively with regards to speciation ecology, behavior and genetics (Qvarnström
et al., 2010; Sætre & Sæther, 2010). Despite repeated episodes of contact in the past, the 
mitochondrial genomes of the four Ficedula flycatchers are clearly divergent (Sætre et al., 
2001; Sætre et al., 2003; Borge et al., 2005b), suggesting a history of restricted gene flow 
between allopatric populations. Two of the flycatchers (collared and pied), however, do 
have overlapping distributions in both central Europe and on the islands of Öland and 
Gotland in Sweden, where they are known to interbreed. Between 2% and 7% of breeding 
flycatchers are hybrids according to estimates from different mixed-species populations on 
these islands (Alatalo et al., 1990; Sætre et al., 1999; Veen et al., 2001). In these 
populations, females appear to be sterile, while males show signs of reduced reproductive 
fitness. Low introgression on the Z chromosome relative to the autosomes and limited 
intraspecific recombination on the Z chromosome have been shown in flycatchers in 
hybrid zones (Sætre et al., 2003; Borge et al., 2005a). In paper IV, we show that the 
pattern of fewer shared polymorphisms and more fixed differences on Z-linked genes holds 
for all four of the Ficedula flycatchers. Such a pattern of increased divergence and reduced 
polymorphism has been shown in other closely related bird species (Berlin & Ellegren, 
2004; Storchova et al., 2010; Backström & Väli, 2011; Elgvin et al., 2011), and may be 
explained by faster adaptive divergence on the Z chromosome (the faster-Z hypothesis) or 
reduced introgression on the Z chromosome due to accumulation of sex-linked 
incompatibilities (the differential introgression hypothesis). In paper IV, we suggested 
(based on IMa analyses) that this pattern in the flycatcher is best explained by the faster-Z 
hypothesis. Earlier studies on the pied and collared flycatcher show that Z-linked genes are 
related to reproductive success in these species, since both traits involved in premating 
isolation (Sæther et al., 2007) and post-zygotic barriers (Sætre et al., 2003) appears to be 
associated with Z-linked genes in flycatchers. The pattern found here might reflect past 
episodes of secondary contact in hybrid zones, where the Z chromosome and autosomes 
have experienced different levels of introgression, and the substantial divergence on the Z 
chromosome is likely to have implications for speciation processes in the four Ficedula
flycatchers.  
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5.4 DNA barcoding 
In this thesis, the barcoding region (COI) was used in all four study groups (paper I, II, III, 
and figure 3 for flycatchers), the results of which have important implications for DNA 
barcoding and the detection of cryptic species. DNA barcoding was first proposed by 
Hebert (2003) as a method using a short section of a standardized region of the 
mitochondrial genome (COI) to identify and discover species. Subsequent efforts have led 
to the development of a DNA barcode library (Ratnasingham & Hebert, 2007), which is a 
repository for sequences from different taxa and can be used to identify material from 
unknown sources (e.g. partial samples, organisms that are difficult to distinguish using 
morphological traits). Moreover, the barcode library is thought to allow for the easy 
determination of unidentified samples and the recognition of new species. For most animal 
taxa, DNA barcoding makes use of the COI region (Hebert et al., 2003), while two regions 
in the chloroplast (matK and rbcL) have been suggested as the barcoding region of choice 
for land plants (Hollingsworth et al., 2009). In this thesis, DNA barcoding worked well for 
the Ficedula flycatchers: all four species showed monophyletic clades with a divergence of 
~ 2% (Figure 3, Ficedula parva as outgroup), making them easy to distinguish and COI a 
reliable marker of species identification. In contrast, in both the redstart and the autumnal 
moth, we found high levels of intraspecific divergence, which would suggest these groups 
comprise two (redstart) and five (autumnal moth) distinct species (with COI divergence ~ 
5% and between 1.5-4.1%, respectively) according to Hebert et al.’s (2003) criterion. 
However, as there is no indication of either of these taxa comprising more than one species, 
DNA barcoding does not in this instance provide a reliable classification system. Finally, 
the five bluethroat subspecies examined in this thesis showed very little divergence in COI 
(0.3-0.5%) making them impossible to discriminate using COI alone.  
Several studies have criticized DNA barcoding for relying too much on one gene 
and for using a threshold value for identification of species (Moritz & Cicero, 2004; Meyer 
& Paulay, 2005; Hickerson et al., 2006). The results of our studies also suggest that a 
threshold value may be difficult to use for effective species delineation, and consequently 
we suggest that care should be taken when analyzing new species using this single gene 
system. Nonetheless, COI is a valuable tool for identifying most species, but in instances 
where more than one haplogroup is found within a species, the use of COI should be 
supported with evidence from morphological traits, additional genetic sampling or a 
combination of both of these factors (DeSalle et al., 2005; Damm et al., 2010; Dupuis et 
al., 2012). This thesis also demonstrates that COI may not be a suitable approach to 
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subspecies discrimination. For example, for the bluethroat subspecies investigated, COI 
identifies the correct species (i.e. L. svecica), and to some degree can identify sequences 
from the subspecies L. s. svecica or L. s. azuricollis, but based on COI alone it is currently 
impossible to identify subspecies with certainty. The same applies for the common redstart, 
for which DNA barcoding is unable to identify the two described subspecies (P. p. 
phoenicurus and P. p. samamisicus). Nevertheless, species level identification is correct 
using COI data. 
  
5.5 Genetic divergence and the process of speciation  
All species included in this thesis are considered well-recognized species. The discrepancy 
between the genetic distances found in the mitochondrial genes within these species (~ 5% 
for the redstarts, 1.5-4.1% for the autumnal moth), between the flycatchers species (2.1-
2.9%) and between subspecies (0.7% maximum genetic distance within the bluethroat 
subspecies) may be (at least partially) explained by them being in different stages of the 
speciation process. The redstart and the autumnal moth both show high mitochondrial 
divergence in sympatric populations. This divergence has been suggested in the current 
studies (paper I and II) to be a result of speciation in reverse, which in the case of the 
autumnal moth may be slowed by Wolbachia infections (i.e. Wolbachia appears to 
maintain current levels of intraspecific variation). Speciation in reverse has only rarely 
been demonstrated in avian taxa, one exception being the common raven (Corvus corax) 
for which isolation followed by speciation in reverse has been suggested as the major 
explanation for high sympatric divergence in the mitochondrial genome (Webb et al., 
2011). Thus this thesis adds another valuable example of this phenomenon to the published 
literature. In the bluethroat subspecies complex (paper III) we found evidence of early 
speciation; sperm morphology appears to have undergone rapid evolutionary changes 
despite low genetic divergence in molecular traits.  
The ecology of a species has been suggested to contribute to the process of 
speciation, at least under conditions of allopatry. Specifically, ecological specialist species 
are suggested to be less likely to remerge upon secondary contact because the probability 
of retaining these evolved specializations is high (Price, 2008; Schluter, 2009). In contrast, 
species that have evolved to be ecological generalists are less likely to exhibit unique 
adaptations (due to their wide ecological tolerance) and, as such, are more likely to 
remerge after secondary contact has been established (Webb et al., 2011). Consequently, 
ecology may provide a partial explanation for the high mitochondrial divergence observed 
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in the redstart and autumnal moth, and the low divergence observed in the bluethroats 
(which may be in an early speciation stage). For example, the redstart appears to exhibit 
preference for a wider range of ecological habitats across the entire breeding range; they 
require fairly open wooded or parkland areas with access to dry nest-holes and sparse 
undergrowth (Cramp, 1988b), suggesting it can be considered an ecological generalist. In 
contrast, at least some of the recognized bluethroat subspecies exhibit preference for 
breeding areas that vary in ecology. The subspecies L. s. svecica has been shown to prefer 
wooded tundra with marshy glades, while L. s. cyanecula prefers lowland reed beds and L. 
s. azuricollis prefers dry stony slopes up to 2000m, covered with Spanish broom (Cramp, 
1988a). Finally, the L. s. namnetum exhibits a preference for salt marsh areas surrounded 
by patches of bushes and small trees (Allano et al., 1994). Thus the bluethroat may 
represent a more specialized group of subspecies, which has in turn lead to lower 
probability of collapse between populations.  
The low divergences found in neutral nuclear markers (paper I, II and III) may be 
explained by these markers being less likely to show divergence, due to both 
recombination and lower rates of evolutionary change (relative to mtDNA), which will 
more easily allow for mixing when the two populations come into secondary contact, 
provided of course that these populations have not evolved effective reproductive barriers 
(Webb et al. 2011).  
5.6 Speciation and sexual selection 
A paradox found in this thesis is that the species showing the lowest levels of 
mitochondrial divergence are those that appear to have progressed the furthest in terms of 
the speciation process. Thus, the following major question arises from this thesis: What 
might explain the association between low mitochondrial divergence and progress towards 
speciation? I suggest that this paradox may be (at least partially) explained by variation in 
sexual selection pressures faced by species, which are related to differences in life history. 
For example, the common redstart is a sexually dimorphic species consisting of two 
subspecies that currently show no genetic variation (paper I). This species is primarily 
characterized as socially monogamous (Cramp, 1988b) and appears to experience low level 
of sperm competition (Kleven et al., 2007). Moreover, there is no evidence of either 
haplotype-associated assortative mating or divergence in sperm morphology in this species. 
Thus I suggest the common redstart experiences a relatively low intensity of sexual 
selection. Similarly, the autumnal moth exhibits little morphological divergence between 
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the two sexes, though a slight difference in abdominal size does occur (Hausmann & 
Viidalepp, 2012). However, these differences are minor and are difficult to observe by 
visual inspection alone. The level of sperm competition and sexual selection is unknown 
for the autumnal moth, but a lack of divergence in the genitalia of the haplogroups (Kvie, 
2010) suggests such selective pressures are likely to be low. In contrast, the bluethroat 
exhibits strong sexual dichromatism (generally drab plumed females and colorful males; 
Johnsen et al. 2006) and differences in both plumage coloration and sperm morphology are 
found between the subspecies. These differences may imply that the populations have 
experienced divergent sexual selection pressures in allopatry. In addition, the bluethroat 
exhibits high levels of sperm competition (Questiau et al., 1999; Johnsen & Lifjeld, 2003; 
paper III), and polygyny is relatively common (A. Johnsen & J. T. Lifjeld unpublished). 
Taken together, these traits suggest that the bluethroat subspecies complex experiences 
intense sexual selection, and this intense selection may explain why this species has come 
further in the speciation process than both the common redstart and autumnal moth. Finally, 
the black-and-white flycatchers consist of four species that exhibit some differences in 
morphological characters (predominately male plumage traits), and both premating and 
postmating barriers have been identified in these species (reviewed in Qvarnström et al., 
2010; Sætre & Sæther, 2010). Moreover, the level of sperm competition has been shown to 
be moderate in the collared (Sheldon & Ellegren, 1999; Krist et al., 2005) and pied 
flycatcher (Lifjeld et al., 1991; Rätti et al., 1995), though polygyny is common in the latter 
species (Slagsvold & Lifjeld, 1986), suggesting that this species faces a moderate level of 
sexual selection. Thus, across these four studies, it appears that species experiencing more 
intense sexual selection exhibit the greatest degree of progress in the stages of speciation, 
suggesting that sexual selection has influenced the rate of evolutionary diversifications 
among clades studied in this thesis 
As suggested above, sexual selection may explain why the species with lowest COI 
divergence has come furthest in the speciation process. Darwin (1871) was the first to 
suggest that sexual selection may contribute to increasing the diversity of a clade, and this 
theory has gained popularity during recent years (Andersson, 1994; Barraclough et al., 
1995; Panhuis et al., 2001). More specifically, assortative mating and reproductive barriers 
are suggested to evolve when there is divergence in male traits and the expression of 
female preferences for these traits between populations of a single species and if a genetic 
correlation is established between male traits and female preferences (Andersson, 1994). 
Several studies have investigated sexual dimorphism in birds in relation to speciation, and 
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found a positive relationship between the number of species within a clade and the degree 
of dimorphism (Barraclough et al., 1995; Mitra et al., 1996; Møller & Cuervo, 1998; 
Seddon et al., 2008; but see Morrow & Pitcher, 2003; Morrow et al., 2003). A recent study 
of the barn swallow demonstrates how such patterns of phenotypic variation in a species 
complex could be driven by differential sexual selection pressures in different populations; 
in this species tail length and ventral coloration varies among populations, as does female 
preference for these traits (Vortman et al., 2011). This may also be the case for the 
bluethroat. Specifically, males in the different bluethroat subspecies may be experiencing 
differential sexual selection pressures for both primary and secondary sexual characters 
(e.g. sperm morphology and throat coloration), making this subspecies complex more 
morphologically diverse relative to the redstarts, in which sexual selection is less intense. 
This idea is consistent with the hypothesis that the bluethroats are at an early stage of the 
speciation process and that sexual selection drives evolutionary diversification and creates 
a pattern of high morphological differentiation and low genetic divergence, while the 
redstart show signs of speciation in reverse.  
6 Conclusions 
The species investigated in this thesis appear to be in different stages of the speciation 
process. The two species with highest mitochondrial divergence both show signs of 
speciation in reverse, the subspecies complex with lowest genetic divergence show signs of 
early speciation, while the four Ficedula flycatchers probably are a result of recent 
speciation. I have suggested that both differences in sexual selection pressures and 
ecological adaptations might explain these differences. In addition, the study species show 
contrasting patterns of sperm evolution; specifically the high divergence observed in total 
sperm length between the bluethroat subspecies suggests that taxa in this clade have 
experienced rapid evolutionary change in sperm traits. Finally, the contrasting pattern 
found between the Z chromosome and autosomes in the Ficedula flycatchers, the increased 
divergence and reduced variation on Z, is best explained by the faster-Z hypothesis. In 
conclusion, by combining knowledge of morphology, genetics and ecology, I have been 
able to develop a more comprehensive understanding of the early stages of the speciation 
process. Future work on speciation would benefit from using such an integrated approach. 
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7 Future prospects 
In this thesis, I have used traditional sequencing methods to show that variation in 
mitochondrial divergence can be connected to different stages of the speciation process. In 
all four study groups, I suggest that future research efforts should use next generation 
sequencing to obtain a deeper genetic coverage. Such efforts would provide valuable 
information on nuclear DNA evolution and help explain discrepancies in divergence 
between nuclear and mitochondrial regions.  
For the autumnal moth it would be interesting to further investigate the role of 
Wolbachia in the maintenance of intraspecific diversity in this species. In addition, the 
acquisition of samples from a wider range of the moth’s distribution area would offer a 
better overview of the genetic structure of E. autumnata. Moreover, sequencing of nuclear 
markers that evolve faster than the loci studied here and testing for further ecological and 
morphological differences between variants would provide more information regarding the 
role of geography and ecology in maintaining the observed genetic variation in E. 
autumnata.  
For the bluethroats, it would be interesting to use next generation sequencing in 
order to obtain a well-resolved phylogeny for the subspecies. Such a phylogeny would be 
important in order to get a better understanding of the rapid sperm evolution in this species, 
and to investigate the directionality of evolutionary change in sperm traits. Another 
interesting question that remains unanswered is whether allopatric divergence in sperm 
morphology actually functions as a barrier to gene flow between the different subspecies. 
This could be tested for by performing in vitro experiments, mixing sperm and female 
fluids between subspecies, and testing for effects on sperm motility or (though technically 
challenging) through the use of artificial insemination techniques to cross-inseminate 
females with sperm from males belonging to different subspecies.  
Additionally, further investigation of sexual selection for male throat ornamentation 
is warranted, including identifying the underlying genetic causes of color variation. 
Importantly, the central spot of the throat ornament has been shown to be a putative 
subspecies discrimination cue in this species (Johnsen et al. 2006). Thus, I recommend 
future experimental work should attempt to manipulate male throat coloration. Specifically, 
one could, for example manipulate throat coloration in a red-spotted populations to 
resemble males of the central-European white-spotted subspecies and vice versa, and test 
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whether such manipulations impacts male mating success (e.g. pairing success, within pair 
paternity and extrapair paternity success). In addition, it would be interesting to analyze 
microstructure and pigment content of the ornamental feathers of the most distinct 
subspecies and identify genetic structure of this variation to examine the possible sequence 
of evolutionary change in this character.  
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Abstract
Mitochondrial DNA usually shows low sequence variation within and high
sequence divergence among species, which makes it a useful marker for phylo-
genetic inference and DNA barcoding. A previous study on the common
redstart (Phoenicurus phoenicurus) revealed two very different mtDNA haplo-
groups (5% K2P distance). This divergence is comparable to that among many
sister species; however, both haplogroups coexist and interbreed in Europe
today. Herein, we describe the phylogeographic pattern of these lineages and
test hypotheses for how such high diversity in mtDNA has evolved. We found
no evidence for mitochondrial pseudogenes conﬁrming that both haplotypes
are of mitochondrial origin. When testing for possible reproductive barriers, we
found no evidence for lineage-speciﬁc assortative mating and no difference in
sperm morphology, indicating that they are not examples of cryptic species, nor
likely to reﬂect the early stages of speciation. A gene tree based on a short frag-
ment of cytochrome c oxidase subunit 1 from the common redstart and 10
other Phoenicurus species, showed no introgression from any of the extant con-
generics. However, introgression from an extinct congeneric cannot be
excluded. Sequences from two nuclear introns did not show a similar differenti-
ation into two distinct groups. Mismatch distributions indicated that the lin-
eages have undergone similar demographic changes. Taken together, these
results conﬁrm that deeply divergent mitochondrial lineages can coexist in bio-
logical species. Sympatric mtDNA divergences are relatively rare in birds, but
the fact that they occur argues against the use of threshold mtDNA divergences
in species delineation.
Introduction
Many species exhibit high levels of intraspeciﬁc morpho-
logical and genetic variation. Variation in mitochondrial
DNA (mtDNA) is particularly prevalent, due to its faster
evolutionary rate compared with nuclear DNA (Avise
2000). Usually, such variation is conﬁned to allopatric pop-
ulations and can be explained by long periods of isolation
with differing selection pressures and/or divergence due to
genetic drift (Coyne and Orr 2004; Price 2008). High intra-
speciﬁc mtDNA variation between individuals living in
sympatry is less common, and more difﬁcult to explain.
Upon closer inspection, such divergent sympatric lineages
often show evidence of divergence in other parts of the gen-
ome as well as reproductive isolation between the lineages,
implying that they are in fact cryptic species (Hebert et al.
2004a; Haine et al. 2006). The concept of DNA barcoding,
which applies the mitochondrial cytochrome c oxidase sub-
unit 1 (COI) marker in animals, is based on the premise
that there is low variation within species and large diver-
gence gaps between sister species (Hebert et al. 2003,
2004b). Accordingly, provisional species are often suggested
when sequence divergence exceeds a certain threshold (e.g.,
10 times average intraspeciﬁc variation; Carr et al. 2011;
2974 ª 2012 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative
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Kerr et al. 2007). However, there are examples of sympatric
intraspeciﬁc divergences of a magnitude that exceeds
normal sister species-level divergence (Wayne et al. 1990;
Tominaga et al. 2009; Xiao et al. 2012), making species dis-
crimination based on a strict divergence threshold in
mtDNA too simplistic (Moritz and Cicero 2004).
In birds, deep sympatric mtDNA divergences have been
found in a few species (e.g., Quinn 1992; Webb et al. 2011;
Kerr et al. 2009b; Johnsen et al. 2010; Barrowclough et al.
2011). For example, common ravens (Corvus corax) show
a 4% divergence between Holarctic and western North
American lineages, with a high degree of sympatry and
interbreeding (Webb et al. 2011) and males of the (Mana-
cus manacus) collected from a single lek represented two
groups with 3.5% divergence (Kerr et al. 2009b). The
interpretation of such deep sympatric divergences is chal-
lenging and requires additional information about poten-
tial methodological pitfalls in mtDNA sequencing and
reproductive barriers to gene ﬂow in nuclear DNA.
Several hypotheses have been proposed to explain such
high mtDNA variation (Webb et al. 2011). First, sympat-
ric intraspeciﬁc divergences in mtDNA may be an artifact
caused by nuclear mitochondrial pseudogenes, or numts.
This is genetic material that has been translocated from
the mitochondrial to the nuclear genome. These copies
are assumed to be nonfunctional (Bensasson et al. 2001),
evolve fast, accumulate frame shifts and stop codons, and
show double peaks when sequenced (Bertheau et al. 2011;
Triant and Hayes 2011). Second, as stated above, the
divergent lineages may in fact reﬂect cryptic species,
implying that the taxonomy is incorrect. Recent avian
examples include thrushes (Turdus spp.) in western
Amazonas (O’Neill et al. 2011), the winter wren (Troglo-
dytes troglodytes) in North America (Toews and Irwin
2008), and seven nonpasserine migratory birds from the
Philippines (Lohman et al. 2010).
A third possibility is that high mtDNA variation is
caused by hybridization with a closely related species,
which can lead to introgression of mtDNA (Coyne and
Orr 2004; Bachtrog et al. 2006; Toews & Brelsford, 2012).
Hybridization is common in birds, occurring in approxi-
mately one out of 10 species (Grant and Grant 1992;
McCarthy 2006). However, as females are the heteroga-
metic sex in birds, female hybrids are more likely to be
affected by reduced viability and/or fertility than males
(Haldane 1922), which reduces the likelihood of intro-
gression of the maternally inherited mtDNA. Nevertheless,
Taylor et al. (2011) found evidence for hybridization
between the sister species common murre (Uria aalge)
and thick-billed murre (U. lomvia), with mtDNA intro-
gression from the thick-billed murre into the common
murre. Another example is mtDNA introgression between
the golden-winged warblers (Vermivora chrysoptera) and
the blue-winged warblers (V. cyanoptera) in North Amer-
ica (Shapiro et al. 2004).
Fourth, deep mtDNA divergence can reﬂect long peri-
ods of geographical isolation followed by secondary con-
tact. The divergence might be a result of neutral
differences within a single species, and thus represent a
historical artifact of divergent lineages that have
remerged (Webb et al. 2011). In the absence of repro-
ductive barriers, such remerging lineages will be expected
to collapse into one (speciation in reverse). The ﬁxation
of ancestral allelic lineages can be due to either drift or
selection, and it produces a reciprocally monophyletic
gene tree (Neigel and Avise 1986). If the two popula-
tions have been separated long enough, with little or no
gene ﬂow between them, they may have accumulated
genetic and phenotypic differences, which might result
in reproductive barriers in the form of different mor-
phological, physiological or behavioral traits (Coyne and
Orr 2004). Reproductively isolated forms might thus
arise if local adaptations are strong, colonization of
alternative habitats is eliminated and reproductive con-
tact is reduced (Nosil et al. 2005; Sobel et al. 2010). If
secondary contact later occurs, a shift in mate recogni-
tion systems and mate preferences may lead to assorta-
tive mating (precopulatory barrier) or gamete
incompatibilities (postcopulatory, prezygotic barrier) as a
result of the earlier allopatry, and the genetic variation
between the two populations will be maintained (early
speciation). Sperm morphology has a genetic basis (Birk-
head et al. 2005), shows remarkable levels of diversiﬁca-
tion (reviewed in Pitnick et al. 2009) and has shown
geographical variation in some avian studies (Lu¨pold
et al. 2011; Schmoll and Kleven 2011). Differences in
sperm morphology may thus contribute to prezygotic
reproductive barriers in the early stages of speciation
(Coyne and Orr 2004). Finally, deep mtDNA divergence
may reﬂect maintenance of two or more ancestral lin-
eages in a panmictic population with large effective pop-
ulation size (Avise et al. 1988; Webb et al. 2011).
In a recent DNA barcoding study, Johnsen et al. (2010)
found two different COI lineages in the common redstart.
The divergence between these two haplotype lineages
(hereafter referred to as haplogroups) was in the magni-
tude of 5%, suggesting that these lineages separated about
2 million years ago according to the conventional molecu-
lar clock estimate (Bromham and Penny 2003; but see
Pulque´rio and Nichols 2007; Weir and Schluter 2008).
These two haplogroups were initially found to interbreed
in one mixed pair from Norway (Johnsen et al. 2010). Our
main aims in the present study are twofold. First, we
describe the distribution of the two haplogroups found in
Johnsen et al. (2010) across the breeding range of the com-
mon redstart, and hence examine their degree of sympatry
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and interbreeding in detail. Second, we explore the above
hypotheses for how this deep mtDNA variation may have
originated, combining sequence data from two mtDNA
regions (control region and COI) and two nuclear
Z-linked introns (BRM-15 and ALDOB-6), with data on
degree of assortative mating and sperm size variation
between the haplogroups. We test the following predic-
tions related to each hypothesis. (1) From the numt
hypothesis, we predict to ﬁnd stop codons and double
peaks in the sequences. (2) From the cryptic species
hypothesis, we predict to ﬁnd reproductive barriers, such
as assortative mating or differences in the sperm morphol-
ogy, and divergence in nuclear DNA that is related to the
divergence in mtDNA. (3) From the recent hybridization
hypothesis, we predict that one of the haplogroups would
cluster together with one of the other extant Phoenicurus
species. (4) From the geographic isolation hypothesis, we
predict that there will be structure in the geographical dis-
tribution of the two haplogroups, and that they will show
different mismatch distributions due to different demo-
graphic histories. If the lineages are in the process of
remerging (speciation in reverse), there should be no
reproductive barriers and little or no structure in the
nuclear sequences with respect to the mtDNA lineages yet
high nuclear nucleotide variation, whereas if they are in
the process of further divergence (early speciation), we
would predict to ﬁnd some evidence for reproductive iso-
lation and a pattern of divergence in the nuclear data as a
result of the two lineages being effectively separated.
Finally, (5) from the coexistence in one panmictic popula-
tion hypothesis, we predict lack of geographic structure
and reproductive barriers, similar mismatch distributions,
and no divergence in the nuclear introns.
Materials and Methods
Study species
The common redstart is a small (~15 g), sexually dimor-
phic passerine bird, breeding in the Western Palearctic
(Fig. 1), and wintering in North Africa. The breeding sys-
tem is predominantly social and genetic monogamy
(Kleven et al. 2007), but instances of polygyny have been
observed (del Hoyo et al. 2005).
Samples
High quality DNA
Breeding redstarts from Norway, the Czech Republic, Fin-
land, Morocco, Mongolia, Iran, Spain, and Turkey were
caught at their respective breeding grounds during spring
2002, 2006, 2009, 2010, and 2012. We collected up to
25-ll blood by brachial venipuncture and stored the blood
in 96% ethanol. In addition, blood samples were collected
from migratory birds from Israel (see Table 1 for sample
details). Birds were caught using mist nets and playback in
the beginning of their breeding season in their breeding
Figure 1. Map showing the distribution of the common redstart (shaded area), and the sampling locations (circles) with the relative frequency of
the two haplogroups (blue = haplogroup 1 and red = haplogroup 2). Breeding birds are collected from all locations, except from Israel (migrating
birds). On the basis of all common redstart samples (N = 387), both sequenced for the long COI and the short COI fragment.
2976 © 2012 The Authors. Published by Blackwell Publishing Ltd.
mtDNA Divergence in the Common Redstart S. Hogner et al.
territories, or with a clap-net (with a meal-worm for a bait)
during the period of feeding the chicks. All birds were
putatively unrelated, predominantly adult breeders
(N = 254), but in some cases (N = 22) where the female
could not be sampled, we instead sampled one chick per
nest as a representative of the female mtDNA lineage. In
addition, tissue samples collected from breeding birds in
Russia (2004–2006, N = 16) and Serbia (2008, N = 7) were
provided by Yale Peabody Museum (New Heaven) and tis-
sue samples of one Moussier’s redstart (P. moussieri), one
blue-fronted redstart (P. frontalis), and two Eversmann’s
redstart (P. erythronotus), were provided from the Natural
History Museum of Copenhagen (see SI Table 1 for more
information).
Degraded DNA
Feather samples were collected from nine females in Fin-
land in June 1992–1994 and blood samples were collected
(and dried) from nine unrelated chicks during spring
1998 and 1999 in Hradec Kra`love´, Czech Republic.
Toe-pad samples were collected from 88 adult museum
specimens (P. phoenicurus) from the Natural History
Museum of London (Tring), Harrison Museum (London),
the Natural History Museum of Oslo, and the Natural
History Museum of Copenhagen. Of these, the majorities
were adult breeders, except three individuals collected in
Copenhagen, Denmark and three individuals sampled in
the Faroe Islands during migration (SI table 2). Finally,
Table 1. Basic sample information for (a) contemporary common redstarts, where DNA was extracted from either fresh blood, tissue or feather
samples and subjected to long COI sequencing, and (b) up to 150-years old museum skins (and one contemporary population from Finland)
where DNA was extracted from foot pads or dried blood samples (Finland) and subjected to short COI sequencing.
Locality Subspecies Latitude Longitude n m/f/u* N Sperm Haplotype 1/2 Year
a)
Norway, south-east phoenicurus 61°16′N 12°17′E 100/78/19 67 94/103 2002–2010
Norway, west phoenicurus 59°18′N 04°52′E 2/2/0 0 2/2 2005
Czech Republic phoenicurus 50°11′N 15°55′E 13/9/9 8 24/7 1991–2010
Russia, Adygea phoenicurus 44°11′N 40°04′E 3/1/0 0 2/2 2004
Russia, Krasnodarskiy Kray phoenicurus 45°04′N 36°59′E 6/5/0 0 11/1 2004–2006
Serbia phoenicurus 44°16′N 19°53′E 0/0/7 0 4/3 2008
Spain phoenicurus 41°50′N 02°23′E 7/1/0 0 3/5 2012
Turkey samamisicus 36°58′N 30°26′E 1/0/15 0 16/0 2010
Iran samamisicus 36°32′N 51°3′E 14/4/0 0 13/5 2010
Morocco phoenicurus 33°32′N 5° 6′W 2/0/0 0 2/0 2008
Israel samamisicus 29º33′N 34º56′E 0/0/14 0 13/1 2007–2008
b)
Norway, north phoenicurus 69°4′N 28°55′E 0/6/0 0 1/5 1866–1966
Finland phoenicurus 66°54′N 25°22′E 0/17/0 0 9/8 1992–2006
Sweden phoenicurus 66°38′N 19°51′E 3/0/0 0 1/2 1915–1970
Faroe Islands phoenicurus 62°00′N 40°24′W 3/0/0 0 3/0 1898–1910
Norway, south-east phoenicurus 61°16′N 12°17′E 2/0/3 0 4/1 1882–1908
Norway, west phoenicurus 58°41′N 05°34′E 0/1/0 0 1/0 1908
Scotland phoenicurus 57°03′N 3°03′W 3/0/0 0 3/0 1915–1919
Denmark phoenicurus 55°42′N 12°34′E 10/0/0 0 7/3 1890–1977
England phoenicurus 51°46′N 40°10′W 4/0/0 0 3/1 1933–1956
Germany phoenicurus 51°10′N 14°26′E 3/0/0 0 3/0 1893–1952
Switzerland phoenicurus 46°56′N 7°26′E 10/0/0 0 9/1 1930–1953
France phoenicurus 43°42′N 7°14′E 1/0/0 0 1/0 1937
Karaku, Pakistan samamisicus 33°6′N 71°5′E 0/1/0 0 1/0 1876
Croatia phoenicurus 43°30′N 16°55′E 1/0/0 0 1/0 unknown
Russia, Barnaul phoenicurus 53°19′N 83°46′E 3/0/0 0 3/0 1896–1933
Russia, Caucasus phoenicurus 42°55′N 43°45′E 2/0/0 0 0/2 unknown
Russia, Tomsk phoenicurus 56°28′N 84°57′E 5/0/0 0 5/0 1896–1923
Macedonia phoenicurus 41°47′N 20°32′E 1/0/0 0 0/1 1935
Turkey samamisicus 36°58′N 30°26′E 1/0/0 0 1/0 1876
Tunisia phoenicurus 36°49′N 10°09′E 1/0/0 0 1/0 1938
Iran samamisicus 36°32′N 51°3′E 0/0/5 0 3/2 2010
Morocco phoenicurus 33°32′N 5°6′W 1/0/0 0 1/0 1919
*m, males; f, females; u, unknown.
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toe-pad samples were collected from Prezevalski’s redstart
(P. alaschanicus, N = 2), blue-capped redstart (P. caeru-
leocephalus, N = 2), blue-fronted redstart (N = 2), Hodg-
son’s redstart (P. hodgsoni, N = 2), Moussier’s redstart
(N = 2), and white-tailed redstart (P. schisticeps, N = 2)
in order to investigate the relationship between the two P.
phoenicurus haplogroups and closely related species of the
genus Phoenicurus (samples were collected from the Natu-
ral History Museum of London (Tring), Yale Peabody
Museum (New Heaven), Natural History Museum of
Copenhagen and Natural History Museum of Oslo. SI
Table 2).
Genbank sequences
COI sequences from six black redstart (P. ochruros), ﬁve
Eversmann’s redstart, three Gu¨ldensta¨dt’s redstart (P.
erythrogastrus), and ﬁve daurian redstart (P. auroreus)
were downloaded from Genbank (see SI Table 3 for more
information).
DNA extraction and PCR
DNA from the blood samples was extracted following the
protocol for the E.Z.N.A blood kit (Omega Bio-Tek, Inc,
Norcross, Georgia). DNA from the toe-pads was extracted
following the protocol form E.Z.N.A-tissue Kit (Omega
Bio-Tek, Inc, Norcross, Georgia), or using a Mole-extrac-
tion robot following the manufacturers’ protocol (Mole
Genetics AS, Norway).
For the common redstart, two fragments of mtDNA
(COI, 700bp and control region, 421bp), and two
Z-linked introns (BRM-15, 311bp, and ALDOB-6, 531bp)
were sequenced (Genbank accession number JX945383-
JX945521). COI was sequenced for a total of 201 redstarts
from different populations (Table 1: details and sequences
also available at the BOLD website (http://www.barcod-
inglife.com/), project NorBOL – Birds – Phoenicurus).
For the samples consisting of degraded DNA and some
of the high quality DNA samples, a short piece of the
COI (120bp) was ampliﬁed and a restriction enzyme (Aci
II) was used to determine the haplogroup (N = 88 for
degraded DNA and N = 98 for high quality DNA). The
restriction enzyme was chosen so that it would cut in one
of the conserved sites in haplogroup 2, making two bands
visible on an electrophoresis gel for this haplogroup. For
the other haplogroup, only one band was visible. Ten
individuals were also analyzed using both restriction cut-
ting and sequencing in order to conﬁrm the validity of
the methods. In order to get the exact haplotype for the
Z-linked introns, a total of 54 females of the common
redstart were chosen from the south-east population in
Norway (of these, only 42 worked for both introns chosen
herein). The same 54 individuals were also sequenced for
the control region. For the other Phoenicurus samples, the
long COI (N = 4) or short COI (N = 12) fragment was
sequenced (project NorBOL – Birds – Phoenicurus). All
regions were ampliﬁed in PCR reaction volumes of
10-lL, containing dH2O, 1X PCR buffer II (Applied Bio-
systems, Foster City, California), 1.5-mM magnesium,
0.2-mM dNTP (ABgene, Epsom, UK), 0.5-mM forward
and reverse primer, 3% Dimethyl sulfoxide (DMSO), 0.25
U AmpliTaq DNA polymerase (Applied Biosystems), and
approximately 50-ng DNA template. The ampliﬁcations
were run on a DNA Engine Tetrad 2 (MJ Research,
Waterton, MA, USA). The following proﬁle was used: 95°
C for 1 min, 94°C for 30 sec, primer-speciﬁc annealing
temperature (see Table 2) (55–60°C) for 30 sec, 72°C for
1 min, then the second to forth step another 34–39 cycles
before the last step, 72°C for 10 min. A 3-ll PCR-product
was electrophoresed in 1% agarose TBE to conﬁrm ampli-
ﬁcation success and to exclude any contamination.
The remaining PCR-product was puriﬁed by digesting
unincorporated nucleotides and primers using diluted
(1:9) ExoSap-It (United States Biochemical, Cleveland,
Ohio) run at 37°C for 45 min followed by 80°C for
Table 2. Primer information and ampliﬁcation conditions.
Locus Class1 Primer sequence (5′-3′) PCR2 Reference
Aldob-6 Z F: AGACCATGATCTCCAGCGCT 56 Borge et al. 2005
R: CCTTCCAGGTAGACATGATG
Brm-15 Z F: AGCACCTTTGAACAGTGGTT 56 Borge et al. 2005
R: TACTTTATGGAGACGACGGA
COI-ExtF m F: ACGCTTTAACACTCAGCCATCTTACC 55 Johnsen et al. 2010
BirdR2 R: ACTACATGTGAGATGATTCCGAATCCAG
PhSa-F1 m F: AACGTAGTCGTCACAGCCCATGCTT 55 This study
PhSa-R1 R: TTATTCGRGGRAATGCTATG
L437 m F: CTCACGAGAACCGAGCTACT 52 Tarr 1995
H1248 R: CATCTTCAGTGTCATGCT
1DNA class: Z, Z-linked; m, mtDNA.
2Annealing temperature.
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15 min to inactivate the enzyme. The PCR products were
then sequenced using BigDye Terminator sequencing buf-
fer and v 3.1 Cycle Sequencing kit (Applied Biosystems).
The sequences were aligned and edited using ClustalW in
the program Mega v 5 (Tamura et al. 2007) and modiﬁed
manually. Each base was called, using both forward and
reverse sequencing reads for each strand. All sequences
for each locus were adjusted to the same length as the
shortest sequence of that locus for comparison.
Genetic analyses
Molecular gene trees were constructed using the neigh-
bor-joining method implemented in Mega v 5 (Tamura
et al. 2007), using the Kimura two-parameter model and
10,000 bootstrap replicates.
In order to examine the genetic structure of the redstart
populations, analysis of molecular variance (AMOVA) was
run using the program Arlequin v 3.5 (Excofﬁer et al.
2005). Pairwise population differences were estimated
using the FST statistic (Weir and Cockerham 1984)
implemented in Arlequin, with default settings for the
population comparisons. In these analyses, we included
seven populations with minimum seven individuals
sequenced for the long COI fragment. Sequential Bonfer-
roni correction was applied to adjust critical P-values for
multiple statistical testing (Rice 1989). DNAsp v 5
(Librado and Rozas 2009) was used to calculate nucleotide
variation, p, of the Z-introns (Hudson et al. 1987).
To test for historical demographic events within the two
haplogroups (Johnsen et al. 2010), we ﬁrst calculated
Tajima’s D (Tajima 1989) for the concatenated COI and
control region sequences using DNAsp v 5. The sign of
the test statistic can indicate a recent bottleneck (positive
Tajima’s D) or population expansion (negative Tajima’s
D). Second, we compared the observed frequency
distribution of pairwise nucleotide differences among indi-
viduals within each of the haplogroups with the expected
distribution from a sudden population expansion (mis-
match distribution), using Arlequin v 3.5. If a population
has experienced a long lasting demographic equilibrium or
a decline, then a multimodal distribution should be
displayed, whereas a unimodal distribution should be
displayed if a population has experienced a sudden demo-
graphic expansion (Slatkin and Hudson 1991; Rogers and
Harpending 1992). However, recent changes are not
always detectable in a mismatch distribution, because they
might be masked by threshold effects, time lags or earlier
demographic events (Rogers and Harpending 1992; Lavery
et al. 1996). Arlequin tests the goodness-of-ﬁt to this
model using SSD test statistics (the sum of squared differ-
ences between the observed and the estimated mismatch
distributions; Rogers and Harpending 1992).
We used the general nonlinear least-square approach to
estimate the demographic mutation time parameter tau,
τ = 2lt, where l is the mutation rate per generation of
the DNA fragment and t is the number of generations.
Assuming a generation time of 1 year and the standard
molecular clock of mtDNA divergence of 2% per million
years (Bromham and Penny 2003; but see Weir and Sch-
luter 2008; Lande et al. 2003), we estimated the time since
expansion of the two haplogroups using the formula
above (see Sætre et al. 2012 for further details).
Assortative mating
Generalized linear models (GLZ) with binomial distribu-
tion were performed in Statistica, to test for assortative
mating between the two haplogroups among breeding
pairs. We had data from 68 pairs, from Norway
(N = 60) and Czech Republic (N = 8), respectively.
However, as there were no haplogroup two females rep-
resented in the Czech population, testing for assortative
mating would be noninformative and thus this popula-
tion was excluded.
Sperm measurements
We obtained sperm samples from 67 males from three
subpopulations in south-east Norway (Røros N 62º 37′, E
11º 38′, Trysil N 61º16′, E 12º 17′ and Aurdal N 60º 39′,
E 9º37′) and 8 males from the Czech Republic (Hradec
Kra´love´ N 50º 11′, E 15º 55′). Sperm samples were col-
lected by gently massaging the cloacal protuberance of
breeding males using a similar technique as described in
Wolfson (1952). The ejaculate was collected using a
microcapillary tube and ﬁxed in a 5% formalin solution.
Sperm morphology data were obtained for each individ-
ual, from 10 normal and undamaged sperm, as 10 sperm
provides an accurate estimate of each individual’s sperm
length (Laskemoen et al. 2007). The following measure-
ments were obtained (±0.1 lm); head length, midpiece
length, tail length, ﬂagellum length and total length,
where ﬂagellum length is the sum of midpiece + tail
length, and total length the sum of head + midpiece +
tail. For each sperm trait, we used the means within indi-
viduals. All measurements were obtained from digital
images captured at a magniﬁcation of 1609 using a Leica
DFC420 camera mounted on a Leica DM6000 B digital
light microscope (Leica Microsystems, Switzerland). To
avoid observer effects, one person (T.L.) conducted all
sperm measurements. All sperm components were nor-
mally distributed (Shapiro–Wilks tests, all W > 0.96, all
P > 0.05). Statistical analyses of assortative mating and
differentiation in sperm morphology were conducted
using Statistica v 7.1 (StatSoft Inc).
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Results
Haplogroup characterization and
distribution
A gene tree based on the COI region from different
populations (Norway, Czech Republic, Iran, Turkey, Mor-
occo, Russia, Spain, and Serbia) with black redstart as an
outgroup showed that the COI region consists of two
clearly separated groups (Fig. 2), supported by high boot-
strap values (98% and 99%). There is some variation within
each of these two groups (SI Fig. 1). The split (~5%)
between these two haplogroups suggests that the haplo-
groups separated about 2 million years ago, assuming a
standard avian molecular clock of 2% sequence divergence
per million years (e.g., Pa¨ckert et al. 2007). We also found
two haplogroups for the control region (using the south-
east Norwegian population, data not shown), which
matched respective groups in the COI as would be expected
for two regions in the mt genome. A neighbor-joining tree
based on concatenated sequences of the two mtDNA
regions is shown in Figure 3.
The two clades coexist in Scandinavia, Great Britain,
and central to eastern Europe (Fig. 1). There is an overrep-
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Figure 3. Neighbor-joining tree (K2P, 10,000 bootstrap replicates)
based on the COI and control region (1121bp) combined for 54
common redstart females from the south-east Norwegian population.
Only bootstrap values above 50% are shown. Blue = haplogroup 1
and red = haplogroup 2.
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Figure 2. Neighbor-joining tree (K2P, 10,000 bootstrap replicates)
based on COI (545bp) for contemporary common redstarts (N = 201),
with black redstart as outgroup. The two common redstart
haplogroups consist of 122 and 79 individuals, respectively. Only
bootstrap values above 50% are shown. Blue = haplogroup 1 and
red = haplogroup 2.
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resentation of haplogroup 1 in western Europe and south-
ern parts of the breeding range, whereas haplogroup 2 is
mainly located in north and eastern Europe, and usually in
coexistence with haplogroup 1. The AMOVA revealed sig-
niﬁcant differentiation in COI among seven contemporary
breeding populations (FST = 0.17, P < 0.001). Pairwise
comparisons showed signiﬁcant differentiation between
four of the populations (Norway vs. Czech R., and Turkey
vs. Norway, Czech R. and Spain; Table 3).
When analyzing Z-intron variation among 42 females
from the Norwegian population, we found no distinct
groups related to the ones found in the mtDNA analyses
(Fig. 4a,b). This is expected, as the Z-introns and mtDNA
would segregate independently within a single population.
We found the combined nucleotide diversity, the p-value,
for the two introns to be 0.00614 (± 0.00043), which is the
second highest p-value among 22 passerines sequenced in
our lab (0.00079–0.00621).
A NJ tree based on the short COI sequence (120bp)
from all 11 Phoenicurus species shows that the two haplo-
groups within the common redstart are unique (Fig. 5).
Furthermore, in a dataset of long COI sequences (544bp)
from seven species, including all the ones that appear to
be most similar to the common redstart in the short COI
tree (Fig. 5), the two haplogroups cluster together and
are clearly different from the other extant phoenicurus
species (SI Fig. 2).
Demographic patterns
Tajima’s D estimates for the COI and control region
combined were signiﬁcantly negative for both haplo-
groups (haplogroup 2: Tajima’s D: 1.855, P < 0.05;
haplogroup 1: Tajima’s D: 1.863, P < 0.05), and consis-
tent with a population expansion (ArisBrosou and Excof-
ﬁer 1996). A sudden population expansion was further
supported using the mismatch distribution analysis, as
both haplogroups ﬁtted this model (Fig. 6a,b). Estimates
of the time since the sudden expansion for the two haplo-
groups, suggest that they both expanded relatively
recently, haplogroup 1: t = 46,025 years ago (90% CI:
29,040, 65,430), haplogroup 2: t = 26 020 years ago (90%
CI: 11,357, 40,255).
Tests of reproductive barriers
In the Norwegian population, 35 of 60 pairs consisted of
individuals belonging to the same haplogroup (Fig. 7),
whereas in the Czech population, four of six sampled
pairs consisted of same haplogroup individuals. We found
no signiﬁcant departure from random mating (N = 60
pairs, Wald = 1.54, P = 0.21) with respect to haplotype.
Furthermore, there were no differences in any of the
sperm traits between the two haplogroups (Table 4), and
no signiﬁcant differences in any of the sperm traits
among the different populations (all F3,71 < 0.67, all
P < 0.57).
Discussion
Our results conﬁrm those found in Johnsen et al. (2010),
that there are two highly divergent, coexisting mtDNA
haplogroups in the common redstart. The two haplo-
groups show some geographic structure, with haplogroup
1 occurring all over the species distribution, whereas ha-
plogroup 2 occurs predominantly in Northern Europe
and parts of Western Asia, an area in which the two lin-
eages are sympatric and interbreed to a large extent. Vari-
ation at two Z-linked introns was not related to mtDNA
variation. When testing for possible reproductive barriers,
we found no evidence for assortative mating and no dif-
ferentiation in sperm morphology between the two haplo-
groups.
The magnitude of the divergence within the common
redstart (5%) exceeds the divergence found in mtDNA
between many sister species (Tavares and Baker 2008).
Such deep, sympatric splits have only been found in a
handful of other bird species (e.g., Quinn 1992; Webb
et al. 2011). There are several possible explanations for
the origin and maintenance of such high mitochondrial
diversity. First, seemingly high variation in the mtDNA
has been shown to sometimes be a result of nuclear
Table 3. Pairwise Fst (below diagonal) with P-values (above diagonal), for contemporary breeding populations. Bold = signiﬁcant after sequential
Bonferroni correction.
Norway Czech Republic Serbia Russia Iran Turkey Spain
Norway <0.001 0.77 0.03 0.02 <0.001 0.48
Czech Republic 0.22 0.12 0.38 0.09 <0.001 0.01
Serbia 0.09 0.13 0.58 0.34 0.01 0.36
Russia 0.11 0.00 0.06 0.43 0.01 0.03
Iran 0.10 0.10 0.07 0.03 0.02 0.03
Turkey 0.33 0.17 0.45 0.14 0.16 <0.001
Spain 0.03 0.41 0.07 0.21 0.17 0.63
© 2012 The Authors. Published by Blackwell Publishing Ltd. 2981
S. Hogner et al. mtDNA Divergence in the Common Redstart
mitochondrial pseudogenes, numts (Bensasson et al.
2001). To test for numts, we searched for stop codons
and double peaks in the COI region, and double peaks in
the control region sequences, and found no evidence for
this. These two mtDNA fragments, in addition to 16S
sequenced by Johnsen et al. (2010), cover a substantial
proportion of the mtDNA, suggesting that the two haplo-
groups found here are not numts. In addition, Johnsen
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Figure 4. Neighbor-joining tree (K2P, 10,000 bootstrap replicates) based on two nuclear introns (a) = ALDOB-6 and (b) = BRM-15 for 42
common redstart females from the Norwegian south east population. Only bootstrap values above 50% are shown. Blue = haplogroup 1 and
red = haplogroup 2.
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Figure 5. Neighbor-joining tree (K2P, 10,000 bootstrap replicates), based on a short fragment of COI (120bp) for all Phoenicurus species. Only
bootstrap values above 50% are shown. Blue = haplogroup 1 and red = haplogroup 2.
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et al. (2010) ran a XL-PCR, which also supported mito-
chondrial origin of both haplogroups.
Second, with such a high level of divergence, the two
haplogroups might represent cryptic species. However,
there was no indication that this is the case, as we found
no evidence for assortative mating with respect to haplo-
groups, no consistent divergence in nuclear introns and
no differentiation in sperm morphology. Our results are
similar to a study of the common raven by Webb et al.
(2011), in which they found a high degree of mixing
between two distinct mtDNA clades and no relationship
with phenotype. Other studies have found indications
of cryptic species based on deep splits in mtDNA, e.g.,
winter wrens in North America, where song differs and
assortative mating was evident (Toews and Irwin 2008).
Proponents of DNA barcoding have advocated the use of
a threshold level of mtDNA divergence to delimit species
(Hebert et al. 2004a,b). Indeed, several recent bird studies
using DNA barcoding have suggested provisional species
based on such a threshold (<2.5% Kerr et al. 2007,
2009a). Our study shows that using a threshold level to
deﬁne species may sometimes lead to wrong conclusions,
as the common redstart has a divergence of 5%, but is
clearly just one biological species. This supports previous
critiques of the threshold species concept (Moritz and
Cicero 2004). However, as the two haplogroups form a
monophyletic group (see SI Fig. 2) that is distinct from
other closely related phoenicurus species, barcoding can
still be used for species identiﬁcation for this species.
Third, high mtDNA divergence, and inconsistency
between mtDNA and nuclear gene trees, can also be a
result of hybridization between closely related species,
with introgression of mtDNA from one species to the
other (Shapiro et al. 2004; Taylor et al. 2011). Common
redstarts are known to hybridize with the black redstart
in Central Europe, even giving rise to apparently fertile
hybrids (Grosch 2004). However, given that none of the
two haplogroups matched any of the mtDNA haplotypes
found for other extant congenerics, the high divergence
in common redstarts seems unlikely to be a result of
introgression from other extant Phoenicurus species (see
also SI Fig. 2). However, we cannot exclude the possibility
of introgression of mtDNA from an extinct congeneric or
an unsampled extant lineage.
The fourth, and perhaps most parsimonious, explanation
of the occurrence of two distinct haplogroups, is that they
arose in geographically isolated refugia during previous
glaciation periods in Eurasia, and later came into secondary
contact. Geographical isolation with secondary contact
would predict geographical structure among the mtDNA
haplogroups with concomitant differences in demographic
history and high nucleotide variation in nuclear introns.
The Z-intron nucleotide variation found in this study is the
second highest among 22 recently analyzed passerine
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Figure 6. Mismatch distributions based on the combined alignment
of the COI and control region for the 54 redstart females from the
Norwegian south east population, for (a) haplogroup 1, and (b)
haplogroup 2.
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Figure 7. The proportion of common redstart individuals mating with
their own, and the opposite haplogroup (N = 60 pairs).
Blue = haplogroup 1 and red = haplogroup 2.
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species (Hogner et al. 2012; Gohli et al., unpubl. data;
this study). We found signiﬁcant genetic differentiation in
a subset of seven populations, revealing some geographic
structuring, with haplogroup 1 found throughout the
whole geographic distribution area, and haplogroup 2
found predominantly in Northwestern Europe and parts of
Western Asia (see Fig. 1). On the other hand, the two
haplogroups showed similar demographic patterns, with
evidence for sudden population expansion during the
recent evolutionary history (<50,000 years ago). However,
using the conventional molecular clock estimate of 2%
divergence per million years (Bromham and Penny 2003;
Pa¨ckert et al. 2007; but see Pulque´rio and Nichols 2007;
Weir and Schluter 2008), the magnitude of the genetic dis-
tance of the haplogroups suggest that they originated in late
Pliocene/early Pleistocene (more than 2 million years ago).
Thus, the recent glaciation periods in Eurasia might have
played a minor role for the origin of the two mtDNA
haplogroups observed in the common redstart today. Fur-
thermore, it is difﬁcult to identify the possible location of
such old refugia from the present data. The common
redstart is taxonomically divided into two subspecies,
P. phoenicurus and P. samamisicus, with samamisicus being
conﬁned to south-eastern Europe and south-western Asia,
including Caucasus, which is a well-known glacial refugium
(Hewitt 2000). Hence, the subspecies differentiation possi-
bly reﬂects a period of geographic isolation, with those
evolving into samamisicus residing in Caucasus. However,
this separation into two subspecies is not related to the
divergent mtDNA lineages, as we found a mixture of the
two subspecies in the two mtDNA haplogroups (see Fig. 5).
This suggests that the isolation event leading to the two
divergent mtDNA lineages occurred considerably earlier
than the isolation that gave rise to morphological differ-
ences between the two subspecies. Alternatively, the
mtDNA haplogroups and the subspecies result from the
same vicariance event where interbreeding has allowed neu-
tral mtDNA introgression at the same time as selection has
maintained the morphological differences.
When two lineages become separated, several factors,
including taxon-speciﬁc rates of genetic differentiation, the
severity of range reduction and timing of allopatric isola-
tion, will play important roles in determining whether
these lineages will become reproductively isolated from
each other or not (Zamudio and Savage 2003). We found
no evidence for reproductive isolation between the haplo-
groups, neither in the form of assortative mating (a possi-
ble precopulatory barrier) or in sperm morphology
(a possible postcopulatory, prezygotic barrier; Coyne and
Orr 2004). This is similar to the pattern found in the
common raven (Webb et al. 2011). Also, we found no
difference in sperm morphology between three Norwegian
and one Czech population, which is in contrast with other
studies showing geographic variation in sperm morphol-
ogy (Lu¨pold et al. 2011; Schmoll and Kleven 2011).
Furthermore, we found no evidence that nuclear diver-
gence was related to mtDNA divergence. Even if the use of
only two Z-linked loci limits the power to detect differ-
ences, it should be noted that we used sex-linked loci,
which are more often differentiated between young species
pairs relative to autosomes (Storchova et al. 2010; Hogner
et al. 2012). Hence, if we assume that the divergence
in mtDNA is a result of long periods of isolation with
secondary contact, our data suggest that the redstart
is undergoing speciation in reverse rather than early
speciation.
Finally, deep mtDNA divergences may in theory evolve
even in the absence of geographic isolation, provided that
the effective population size is large enough (Webb et al.
2011). Such coexistence in one panmictic population
would predict absence of geographic structure and repro-
ductive barriers, similar mismatch distributions, and lack
of divergence in the nuclear introns. We found support for
most of these predictions, but the geographic structure in
mtDNA and high variation in nuclear introns suggests
that this hypothesis cannot fully explain the deep diver-
gence in the common redstart. Possibly, the divergence
arose in a period of isolation, for example, during one of
the early Pleistocene glacial maxima, and continued to
accumulate differences also after secondary contact had
been achieved, due to large effective population sizes of
both haplogroups. Alternatively, the two mtDNA lineages
may have been subjected to differential selection pressures
(e.g., local adaptation) that may have accelerated the
divergence beyond neutral expectations, as recently sug-
gested in a theoretical study by Irwin (2012).
We conclude that the deep, sympatric mtDNA lineages
found in the common redstart do not represent cryptic
species, nor are they likely to result from introgression
from extant congenerics. Our data suggest that the
divergence has evolved in isolated refugia, followed by
secondary contact, or represent ancestral lineages that
coexist in one panmictic population, or a combination of
the two. Discriminating between these alternatives will
Table 4. Sperm morphology of males from the two common redstart
haplogroups, with the corresponding ANOVA statistics.
Sperm trait
Haplogroup 1
(N = 43)
Haplogroup 2
(N = 32) ANOVA
Mean ± SD Mean ± SD F1,73 P
Head 17.8 ± 0.9 17.8 ± 0.8 0.04 0.85
Midpiece 129.0 ± 6.0 127.5 ± 5.6 1.58 0.21
Tail 17.4 ± 2.6 17.4 ± 2.7 0.003 0.96
Total 164.4 ± 5.0 162.6 ± 6.6 1.75 0.19
Flagellum 146.6 ± 5.0 144.9 ± 6.5 1.69 0.20
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require deep genetic sampling combined with sophisti-
cated multilocus, coalescence-based analyses. Sympatric
mtDNA divergences are relatively rare in birds, but the
fact that they occur argues against the use of threshold
mtDNA divergences in species delineation.
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Abstract
Deep sympatric intraspeciﬁc divergence in mtDNA may reﬂect cryptic species
or formerly distinct lineages in the process of remerging. Preliminary results
from DNA barcoding of Scandinavian butterﬂies and moths showed high intra-
speciﬁc sequence variation in the autumnal moth, Epirrita autumnata. In this
study, specimens from different localities in Norway and some samples from
Finland and Scotland, with two congeneric species as outgroups, were
sequenced with mitochondrial and nuclear markers to resolve the discrepancy
found between mtDNA divergence and present species-level taxonomy. We
found ﬁve COI sub-clades within the E. autumnata complex, most of which
were sympatric and with little geographic structure. Nuclear markers (ITS2 and
Wingless) showed little variation and gave no indications that E. autumnata
comprises more than one species. The samples were screened with primers for
Wolbachia outer surface gene (wsp) and 12% of the samples tested positive.
Two Wolbachia strains were associated with different mtDNA sub-clades within
E. autumnata, which may indicate indirect selection/selective sweeps on haplo-
types. Our results demonstrate that deep mtDNA divergences are not synony-
mous with cryptic speciation and this has important implications for the use of
mtDNA in species delimitation, like in DNA barcoding.
Introduction
Species are often regarded as basic units of evolution
and correct species delimitation serves as a backbone in
most biological studies (Mayr 1982; Roe and Sperling
2007). However, the number of described species is a
small portion of the estimated extant number and there
is a need for an increased ability to identify and dis-
criminate species (Blaxter 2004; Silva-Brandao et al.
2009). For the last three decades, mitochondrial DNA
has been extensively used (Ballard and Whitlock 2004)
and proven to be an important tool in species delimita-
tion as it possesses biological properties making it
suitable as a marker for molecular biodiversity (Moore
1995; Hebert et al. 2003).
A universal system for rapid, inexpensive species identi-
ﬁcation applicable for any life stage, DNA barcoding, has
been proposed by Hebert et al. (2003). The ambition
behind DNA barcoding is identiﬁcation by sequencing of
short standardized gene regions in order to assign
unknown individuals to species and to enhance the dis-
covery of new species. The assumptions underlying DNA
barcoding are that every species have sets of unique bar-
code sequences and hence constitutes monophyletic clades
and that genetic variation between species exceeds the
variation within species (Hebert et al. 2003). Nevertheless,
there are examples of deep intraspeciﬁc divergences in
mtDNA, also in sympatric populations of animal groups
such as birds (Omland et al. 2000; Johnsen et al. 2010;
Hogner et al. in press), beetles (Schulenburg et al. 2002;
Avtzis et al. 2008), and spiders (Chang et al. 2007). There
are several possible explanations for high intraspeciﬁc
variation. First, this pattern may reﬂect the presence of
cryptic species. The exploration of cryptic species within
the Skipper butterﬂy, Astraptes fulgerator, performed by
Hebert et al. (2004) is a well-known example. By combin-
ing DNA barcoding with information about ecology and
morphology of A. fulgerator, at least 10, largely sympatric
cryptic species were revealed (but see Brower 2006).
Second, demographic effects like isolation will cause
differentiation between isolated populations by the accu-
mulation of mutations over time. The differentiation may
126 ª 2012 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative
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then reﬂect early stages of speciation. Secondary admix-
ture of allopatrically evolved populations will in many
cases result in gene trees with pronounced phylogenetic
gaps between branches (Avise 2000). However, haplotype
loss due to genetic drift (i.e., lineage sorting) will over
time make a population monophyletic for a single gene
lineage (Beebee and Rowe 2004). As lineage sorting is
more prominent in small populations, the number of
haplotypes maintained in a population is a function of
current and historic effective population sizes. In closely
related species, allele ﬁxation often fails to complete and
they will in these cases share ancestral polymorphisms
resulting in discordance between gene trees and species
trees (Moore 1995; Beebee and Rowe 2004). For nuclear
DNA, when reproductive barriers do not evolve in allopa-
try and if secondary contact is obtained, variation must
be maintained by factors opposing gene ﬂow (e.g., geog-
raphy and ecology). This is because gene ﬂow will
homogenize the nuclear genome over time (Futuyma
2005). Third, introgression by hybridization between
closely related species can cause mtDNA to show a
different gene genealogy than most other genes in the
species in question. As the gene genealogy resulting from
introgression is very similar to that expected by ancestral
polymorphism and incomplete linage sorting (Ballard and
Whitlock 2004), distinguishing between isolation and
ancient hybridization can be very difﬁcult. Finally,
interpretation of mitochondrial genetic diversity may be
hampered by the presence of heritable endoparasitic
symbionts and in some cases result in incongruence
between nDNA and mtDNA (Linares et al. 2009). Among
the most widespread are bacteria from the genus Wolba-
chia (Alphaproteobacteria: Rickettsiales) (Russell et al.
2009). It has long been recognized that endoparasitic
symbionts are prevalent among arthropods and that these
organisms may have an important role in arthropod
evolution as they can cause a number of reproductive
alterations in their host, the most common being cyto-
plasmic incompatibility (Rousset et al. 1992; Werren
1997; Hurst et al. 1999; Hurst and Jiggins 2005; Narita
et al. 2009). Male-killing parthenogenesis and feminiza-
tion of genetic males are other alterations documented in
arthropods (Rousset et al. 1992; Grandjean et al. 1993;
Werren et al. 1995; Werren 1997; Jiggins 2003; Hurst and
Jiggins 2005). The effects of inherited symbionts can be
mistaken as evidence for population structure and admix-
ture, as an mtDNA genealogy with deep internal branches
could be the result of multiple selective sweeps from dif-
ferent Wolbachia strains, rather than a population being
large and old or because of secondary admixture (Hurst
and Jiggins 2005). Nevertheless, analysis and comparison
of sequence data from both mtDNA and nDNA should
help distinguishing between demographic effects and indi-
rect selection on mtDNA by parasitic bacteria in an infected
population (Rokas et al. 2001; Raychoudhury et al. 2010).
The genus Epirrita constitutes nine species (Scoble
1999), of which three are distributed in Norway (Aarvik
et al. 2009). These are the autumnal moth, Epirrita
autumnata, pale November moth, Epirrita christyi, and
November moth, Epirrita dilutata. E. autumnata (Fig. 1) is
distributed from Japan and Manchuria through Mongolia,
Siberia, and Caucasus, to Western Europe and from the
northern parts of Scandinavia to the Mediterranean (Skou
1984). The subspecies E. autumnata omissa and E. autum-
nata henshawi are found in North America (Tenow 1972;
Scoble 1999). The larvae feed on deciduous trees, especially
on birch (Betula), alder (Alnus), and willow (Salix) and
have cyclic outbursts with ~9- to10-year intervals (Tenow
1972; Aarvik et al. 2009). In periods with high larvae densi-
ties, it can defoliate and seriously harm the mountain birch
(Betula pubescens ssp. czerepanovii) forests (Ruohomaki
et al. 2000; Jepsen et al. 2008; Yang et al. 2008). As a
consequence of the moths’ cyclical population dynamics,
northern populations of E. autumnata may experience
present-day bottlenecks as outbreaks are followed by col-
lapse in population size and subsequent decline in genetic
variability. Hence, one might expect to ﬁnd relatively low
levels of genetic variation within this species (Futuyma
1998; Sn€all et al. 2004). However, preliminary results from
DNA barcoding of Scandinavian moths and butterﬂies
(Lepidoptera) revealed discrepancy between present divi-
sion to species and sequence divergence in the genus Epir-
rita (Johnsen, Aarvik & Lifjeld, unpublished data). In
particular, high sequence variation clustered in several
well-deﬁned haplogroups within sympatric E. autumnata
suggested that this might be a complex of cryptic species.
The main aims of this study were to examine the rela-
tively high mtDNA variation found within E. autumnata,
Figure 1. The study species, Epirrita autumnata. Photo: Svein
Bekkum.
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describe the degree of sympatry among haplogroups
within Norwegian populations of this species and com-
pare the variation at mitochondrial (Cytochrome
c Oxidase subunit 1, CO1) and nuclear (Internal Tran-
scribed Spacer 2, ITS2 and Wingless) loci. In particular,
we wanted to investigate four possible explanations for
high intraspeciﬁc mtDNA variation: (1) presence of cryp-
tic species; (2) historic isolation and secondary contact;
(3) introgression from a related species; and (4) Wolba-
chia infections associated with different haplogroups.
First, if the high mtDNA diversity reﬂects cryptic species,
we predict congruence between divergence in mtDNA
and nDNA sequence data, given that there has been sufﬁ-
cient time for divergence. Second, if the pattern is due to
isolation and secondary contact, we predict higher differ-
entiation in mtDNA compared with nDNA because the
former has a relatively high evolutionary rate (5–10 times
higher than single copy nDNA) (Avise 1986). Further-
more, depending on the amount of time since range
expansions and secondary contact, we expect some degree
of mtDNA- and nDNA structure, reﬂecting the demo-
graphic history and original geographic distribution of
the lineages, again with higher degree of structure in
mtDNA. Third, if ancient introgression by hybridization
caused the differentiation in E. autumnata mtDNA, the
same predictions as for historic isolation with secondary
contact will apply. However, if introgression occurred
recently, we would expect to ﬁnd overlapping haplotypes
with closely related species (e.g., E. dilutata and/or
E. christyi). Finally, if Wolbachia infections have affected
the mtDNA variation within this species, we predict an
association between infection status and haplogroups and
incongruence between mtDNA and nDNA. The samples
were screened for Wolbachia infections to evaluate
whether Wolbachia might have inﬂuenced patterns of
mitochondrial diversity in E. autumnata.
Material and methods
Material examined
A total of 87 moths from the genus Epirrita were exam-
ined in the course of this study, of which 79 were
collected in Norway, ﬁve in Finland, and three in Scot-
land (Appendix, Table A1). The Norwegian moths were
sampled from different parts of Norway in the period
1999–2009. The middle leg of each moth was collected
and stored in ethanol for DNA extraction and the abdo-
men was removed from some of the specimens for the
purpose of making genital preparations. The rest of the
animal was prepared dry and pinned as voucher. Infor-
mation about the samples is available at the Barcode of
Life Data Systems website (http://www.boldsystems.org)
in the “NorBOL – Lepidoptera – Epirrita” project. In
addition, two Wingless and three wsp sequences (see
below) were downloaded from GenBank and included in
the analysis. Sequences downloaded from GenBank are
identiﬁed by accession numbers in the phylogenetic trees.
Genetic analysis
DNA extraction
Legs were dried at 50°C and transferred to eppendorf tubes.
To speed up lysis, the legs were crushed into smaller pieces.
DNA extraction was carried out using the E.Z.N.A tissue
kit (Omega Bio-tek Inc, Norcross, GA), according to the
manufacturer‘s protocol. The lysis reaction proceeded over-
night and the DNA elution was performed with 100-lL elu-
tion buffer.
Ampliﬁcation
Ampliﬁcation of a 658 base pair long COI fragment from
the COI 5′ region was performed using the primers Lep-
F1 (5′-ATTCAACCAATCATAAAGATAT-3′; Hebert et al.
2004) and Lep-R1, (5′-TAAACTTCTGGATGTCCAAAAA-
3′ Hebert et al. 2004). In cases where these primers failed
to amplify, a second reverse primer EnhLep-R1 (5′-
CTCCWCCAGCAGGATCAAAA-3′; Hajibabaei et al. 2006)
was used in combination with Lep-F1, targeting a 612-bp
fragment of the COI region. The PCR proﬁle used for
this marker was as follows: 94°C for 1 min, 94°C for
30 sec, 46°C for 40 sec, 72°C for 1 min, (step 2–4 cycled
5 times), 94°C for 30 sec, 51°C for 40 sec, 72°C for
1 min, (step 5–7 cycled 35 times), and 72°C for 10 min.
A 500- to 514-bp long fragment, depending on the spe-
cies, from the ITS2 region was ampliﬁed using the for-
ward primer ITS3b (5′-GGGTCGATGAAGAACGCAST-3′;
Roe and Sperling 2007) and reverse primer ITS4
(5′-TCCTCCGCTTATTGATATGC-3′; White et al. 1990).
If these primers failed to amplify, another forward primer,
FFA (5′-TGTGAACTGCAGGACACA-3′, Brown et al.
2000) was used. PCR proﬁles for the ITS2 markers were
as follows: 94°C for 2 min, 94°C for 30 sec, 55°C for
1 min, 72°C for 2 min, (step 2-4 cycled 34 times), and
72°C for 10 min.
To amplify a 408-bp long fragment from the Wingless
region, a single primer pair was used; LepWG1_f
(5′-GARTGYAARTGYCAYGGYATGTCTGG-3′; Brower
and DeSalle 1998) and LepWG2_r (5′-ACTICGCRCACCA
RTGGAATGTRCA-3′; Brower and DeSalle 1998). The PCR
proﬁle was as follows: 95°C for 5 min, 95°C for 1 min, 50°C
for 1 min, 72°C for 2 min, (step 2–4 cycled 35 times)
and 72°C for 10 min. For some of the Wingless samples,
more than one fragment was ampliﬁed. In these cases, a
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second electrophoresis was performed using 7-lL PCR
product and 4-lL loading dye. The PCR product was cut
out with scalpel under UV light, cleaned up, and DNA
was extracted following the protocol NucleoSpin® Extract
II, PCR clean-up/extraction kit (Macherey-Nagel, Du¨ren,
Germany). To solubilize the gel slices, 200 lL NT buffer
pr. 100 lg gel/PCR product was used.
General wsp primers were used to amplify 555–560 bp,
depending on the strain, from the Wolbachia outer surface
gene; wsp 81F (5′-TGG TCC AAT AAG TGA TGA AGA-
AAC-3′; Braig et al. 1998) and wsp 691R (5′-AAA AAT TAA
ACG CTA CTC CA-3′; Braig et al. 1998). The following
PCR proﬁle was used with the wsp primers: 94°C for 1 min,
94°C for 30 sec, 55°C for 40 sec, 72°C for 1 min, (step 2–4
cycled 35 times) and 72°C for 10 min. All wsp sequences
were cloned in case of multiple infections (see below).
PCR reactions were performed in 10- or 12.5-lL
reaction volume. The ﬁnal concentration of the various
chemicals was as follows: 19 buffer, 1.5mM MgCl2,
0.8mM dNTPs, 0.5 mM of the forward and reverse prim-
ers, 3% DMSO, 1U/lL Platinum Taq DNA Polymerase
(Invitrogen, Carlsbad, CA), and dH2O to make up the
remaining reaction volume. The DNA template had a
ﬁnal concentration of 15–50 ng. The MgCl2 concentration
and/or polymerase concentration was increased when no
bands were visible with agarose gel screening. All samples
were screened on 1% agarose gel, stained with ethi-
diumbromide or SYBR- Safe (Invitrogen). Wolbachia
screenings were performed with positive control. In cases
where no bands were visible, a second ampliﬁcation/
screening was performed to conﬁrm the result.
Cloning of wsp sequences
Cloning was performed following the TOPO10 Cloning
protocol (Invitrogen). The PCR product was heated to
68°C for 10 min before the TOPO cloning reaction was
set up. We used 2-lL PCR product and let the reaction
incubate for 15 min at room temperature. We used E.coli
DH5a cells for transformation and the transformed cells
were transferred to growth medium (LB agar) containing
Kanamycin (100 lg/mL) as selection marker. DNA from
6–8 clones from each individual were picked out and
diluted in 6-lL dH2O (for two individuals only three col-
onies were obtained, however, they all gave the same
result). The samples were then ampliﬁed and sequenced
as described below using standard M13 primers.
Sequencing
The samples were cleaned for unconsumed primers and
nucleotides using Exo-Sap-IT (United States Biochemical,
Cleveland, OH), diluted 10 times and incubated at 37°C for
45 min for degradation of excess primers and nucleotides
and inactivated at 80°C for 15 min. Cycle sequencing was
performed in 10-ll reaction volume, using BigDye v3.1
cycle sequencing kit with 59 BigDye Terminator sequenc-
ing buffer (Applied Biosystems, Foster City, CA) and a
program following manufacturer’s recommendations. Puri-
ﬁcation was performed using ethanol/EDTA/sodium
acetate precipitation. Electrophoresis and data analysis of
samples were performed with an ABI 31309l capillary
electrophoresis instrument.
The four regions were sequenced in both directions and
the resulting consensus sequences were aligned by ClustalW
and manually edited in MEGA version 4.0.2 (Tamura et al.
2007). Using highly conserved primers, there is a risk of
co-amplifying non-functional copies of mtDNA (numts) in
addition to the targeted mtDNA and numts have been
shown to be a source of error by overestimation of unique
species inferred from the analysis (Gellissen et al. 1983;
Lopez et al. 1994; Song et al. 2008). Careful examination of
the sequences can reveal numts based on properties such as
indels, frameshift mutations, in-frame stop codons, unex-
pected nucleotide composition, and systematic double
peaks (Song et al. 2008). Alignments generated from the
three coding regions (COI, Wingless, and wsp) were trans-
lated from nucleotide- to amino acid sequences to check
for stop codons and frameshift mutations.
Phylogenetic and statistical analyses
A model test was performed on all four data sets using
MEGA5 version 5.05 (Tamura et al. 2011) to ﬁnd the best
ﬁt substitution models for the different markers. Neigh-
bor-joining analyses, calculation of genetic distances, and
standard errors between the different haplogroups were
performed in MEGA5 using the Tamura 3-parameter
(Tamura 1992) (COI and wsp) – and the Jukes–Cantor
algorithm (Jukes and Cantor 1969) (ITS2 and Wingless)
with all sites included, the complete deletion option,
assuming homogenous pattern among lineages and uni-
form substitution rates among sites. Bootstrap values were
calculated in MEGA5 using 10 000 iterations.
To test for neutrality, DnaSP version 5.10 (Librado and
Rozas 2009) was used to compute Tajima’s D (Tajima
1989). This test is based on the allele frequency spectrum
and can be used to infer previous evolutionary and demo-
graphic events in the population. Positive values indicate
an excess of intermediate-frequency alleles, which might
result from balancing selection or bottlenecks, while nega-
tive values reﬂect an excess of rare polymorphisms, which
might result from positive selection or a population
expansion (Akey et al. 2004). We also calculated the two
common measures of nucleotide polymorphism, p, the
average number of nucleotide differences per site between
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two sequences and h, the population mutation parameter
estimated from the number of segregating sites in the
aligned sample of sequences (Nei 1987).
Analysis of molecular variance (AMOVA: Excofﬁer
et al. 1992) and calculation of FST (Wright 1951) were
performed on 53 E. autumnata COI sequences of the
Norwegian samples using ARLEQUIN version 3.5.1.2
(Excofﬁer et al. 2005), to investigate how genetic variation
was distributed within and between regions. The 14 Nor-
wegian sampling locations were divided into four regions:
north (N = 5), east (N = 22), south (N = 13), and west
(N = 13) (Appendix, Table A1). The analysis was
conducted with pairwise difference as distance method.
Results
Mitochondrial and nuclear DNA variation
Translation from nucleotide- to amino acid sequences of
the analyzed regions revealed no stop codons, frameshifts,
or systematic double peaks and the mtDNA base compo-
sition was as expected, with a high A-T content (68%)
(Perna and Kocher 1995).
Neighbor-joining analysis of the COI data set showed
high intraspeciﬁc variation within E. autumnata, with 21
haplotypes divided into ﬁve distinct haplogroups with
varying degree of support at each node, ranging from 63%
to 99% (Fig. 2a, only bootstrap values higher than 85%
are shown). Standard estimates of nucleotide polymor-
phism were higher within E. autumnata than within
E. christiy and E. dilutata (Table 1). Genetic distance
between E. autumnata COI haplogroups 1–5 ranged from
1.5% to 4.1% (Table 2). Assuming a COI substitution rate
of 1.5–2.3% per million years (Brower 1994; Farrell 2001;
Kandul et al. 2004), genetic distance as high as 4.1%
(distance between haplogroup 1 and 5) suggests
divergence as far back as 1.7–2.7 million years. Interspeciﬁc
distances among E. autumnata, E. christyi, and E. dilutata
ranged from 2.9 to 7.6%. Haplogroup 3 consists of moths
from Scotland, while the remaining four groups comprise
samples from all four Norwegian regions: north, east,
south, and west. This shows a high degree of sympatry of
mtDNA linages in the northern E. autumnata populations.
The Neighbor-joining topology based on the COI data is
supported by Minimum evolution and Maximum parsi-
mony analysis generated in MEGA5 (Appendix Fig. A1
and A2). In contrast, the phylogenies based on nuclear loci
show far less intraspeciﬁc variation. In the phylogenies
based on the ITS2- and Wingless data sets, E. autumnata
constitutes one monophyletic group with ~0.5% and no
variation, respectively (Fig. 3 and 4). The AMOVA reveals
that COI haplotype variation is much higher within
regions (98.3%), than between regions (1.7%) (Table 3;
overall FST = 0.017, P = 0.27). Estimates of Tajima’s D
were negative, but not signiﬁcantly different from zero for
COI in all three species (Table 1).
Wolbachia screening
Of the 71 samples screened, 17 (12%) tested positive for
Wolbachia. It was possible to generate wsp sequences from
14 of the 17 infected samples and all 14 individuals had
only one wsp sequence as revealed by cloning. Hence, there
was no case of multiple infections. Comparing these
sequences with sequences in GenBank matched strains
found in various insect taxa, including Lepidoptera (99%
match). NJ analysis of the 14 sequences obtained using wsp
primers combined with sequences downloaded from
GenBank, splits the sequences into three clusters with
100% bootstrap support at each node (Fig. 2b). Infections
from bacteria in wsp group 1 were only found in E. christyi,
whereas wsp group 2 and 3 were found exclusively in
E. autumnata. Interestingly, the two wsp groups infecting
E. autumnata were associated with different haplogroups:
wsp group 2 occurred only in E. autumnata haplogroup 5,
whereas wsp group 3 occurred in haplogroups 1 and 4.
Given the observed frequency ratio of 1:2 for the two wsp
groups in E. autumnata, the probability that the Wolbachia
positives within each of three haplogroups (N = 2, 3 and 4,
respectively) would not show mixed wsp genotypes can be
estimated to P = 0.039. Hence, we conclude that there was
a signiﬁcant association between Wolbachia strains and
E. autumnata haplogroups. Screening for Wolbachia also
revealed fragments in E. autumnata haplogroup 2 (2 indi-
viduals). The origin of these bands is unknown as no
sequences were obtained from the PCR products. However,
it would be interesting to sequence these bands in a future
study as they might consist of a more divergent Wolbachia
strain that requires other suitable primers.
Discussion
We found ﬁve distinct mtDNA haplogroups within E. au-
tumnata in northern Europe, but little variation was
found in the nuclear regions ITS2 and Wingless. High
degree of sympatry and little geographic structure in
E. autumnata haplotype distribution was evident. Twelve
percent of the screened samples proved to be infected
with Wolbachia and there was a close association between
particular COI haplogroups within E. autumnata and the
different Wolbachia strains.
Mitochondrial and nuclear incongruence
Combining data sets from unlinked genes should be
informative in questions regarding species delineation, as
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Figure 2. (a) Neighbor-joining analysis of 86 Epirrita samples based on the COI gene (Tamura 3-parameter used as substitution model).
E. dilutata and E. christyi are included as out-groups. The ﬁve monophyletic groups of distinct E. autumnata haplotypes show high intraspeciﬁc
variation. Bootstrap support (10000 iterations) is shown at each node. (b) Neighbor-joining analysis based on the wsp gene (Tamura 3-parameter
used as substitution model). Bootstrap support (10000 iterations) is indicated at each node. Infections caused by bacteria represented in wsp
group 1 are found in E. christyi. Infections from wsp group 2 are found in E. autumnata haplogroup 5, while infections represented in wsp group
3 are found in E. autumnata group 1 and 4. For each clade, we have added a representative wsp sequence (downloaded from Genbank) that
has been identiﬁed in other Lepidoptera species (Eurema hecabe, Nephopterix tomisawai, Colias erate subsp. polygraphus).
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unlinked genes are expected to have independent genea-
logical histories (Maddison 1997). In this study, genetic
analysis of gene regions from different genomes (mtDNA
and nDNA) gives different estimates of intraspeciﬁc varia-
tion within E. autumnata. The COI region reveals high
sympatric intraspeciﬁc divergence (Fig. 2a) with genetic
distances ranging from 1.5% to 4.1% (Table 2). One
might argue that an intraspeciﬁc genetic distance of 4% is
not high compared with distances found within other
taxa. For example, there are several studies on land snails
that show a higher degree of intraspeciﬁc divergence than
that found within E. autumnata. However, many of these
examples concern isolated and/or morphologically distinct
populations (Hayashi and Chiba 2000; Shimizu and
Ueshima 2000; Bond et al. 2001; Pinceel et al. 2005). In
this context, we want to emphasize that the divergent
E. autumnata haplogroups occur sympatrically and that
the level of genetic distance within E. autumnata is com-
parable to the level of divergence commonly seen between
sister species in Lepidoptera (Huemer and Hausmann
2009; Lukhtanov et al. 2009; Hajibabaei 2006; this study).
In contrast to the levels of intraspeciﬁc variation found in
COI, the ITS2 and Wingless regions show little (~0.5%)
and no variation, respectively (Fig. 3 and 4).
The presence of cryptic species has been suggested to
explain high intraspeciﬁc divergence in several studies
(Hebert et al. 2004; Roe and Sperling 2007; Vaglia et al.
2008). However, the presence of cryptic species predicts
divergence in both mtDNA and nDNA and the results
from this study show clear incongruence between the two
data sets. In addition, preliminary analyses show no obvi-
ous intraspeciﬁc variation in genital structures and no
association between ﬂight period and haplogroups (Kvie
& Aarvik, unpublished data). These ﬁndings all imply that
cryptic speciation is not a likely explanation for high
intraspeciﬁc mtDNA variation within E. autumnata. Nev-
ertheless, using nuclear markers that evolve faster and
that are more variable than Wingless and ITS2 might gen-
erate a different result than we found in this study. It is a
well-known challenge to ﬁnd nuclear markers that evolve
fast enough to separate between cryptic species (Dasma-
hapatra and Mallet 2006). However, there are examples of
studies performed on closely related- and cryptic
arthropod species that have used these nuclear markers
successfully (Roe and Sperling 2007; Schmitz et al. 2007;
Linares et al. 2009; Dinca et al. 2011; Sun et al. 2011).
As the COI data set implies divergence as far back as
1.7–2.7 million years, a possible hypothesis would be sepa-
ration of E. autumnata into different glacial refugia in
Pleistocene (2 – 0.01 million years ago). It is a common
perception that many extant sister taxa diverged during the
cyclic climate in this period (Avise and Walker 1998; Avise
2000; Beebee and Rowe 2004). If the variation found in
northern E. autumnata mtDNA is a result of separation
into several refugia, we would expect some degree of geo-
graphic separation restricting gene ﬂow. However, results
from the AMOVA (Table 3) shows that most of the genetic
variation is found within (98.3%) and not between popula-
tions (1.7%). Also, if mtDNA variation in the northern
populations is a result of isolation, and we are looking at
early stages of speciation, variation should be detectable in
both mitochondrial- and nuclear markers (Jiggins and
Tinsley 2005). As analysis of E. autumnata nDNA only
reveals small amounts of variation and the results from the
AMOVA show a small degree of variation between the
populations, it is not likely that isolation alone can explain
the high mtDNA variation found in this study.
Table 1. Polymorphism statistics for Epirrita autumnata (and Epirrita
christyi and Epirrita dilutata for COI) from the COI, Wingless and ITS2
region, and from Wolbachia outer surface gene (wsp)
Species N1 L2 Tajima’s D3 p4 h5
COI E. autumnata 62 658 -0.77659 0.01674 0.02043
E. christyi 18 658 -0.89359 0.00693 0.00907
E. dilutata 6 658 -0.93302 0.00058 0.00076
Wingless E. autumnata 14 409 -1.15524 0.00039 0.00085
ITS2 E. autumnata 23 484 1.99999 0.00285 0.542
wsp E. autumnata 17 564 -0.93302 0.10812 0.06573
1Number of individuals.
2Sequence length.
3None of the D values signiﬁcant.
4Average pairwise sequence difference per nucleotide (Nei 1987).
5Expected heterozygosity per nucleotide (Watterson 1975).
Table 2. Genetic distance (Tamura 3-parameter) between the ﬁve Ep-
irrita autumnata haplotype groups 1-5 (below diagonal) with standard
errors (above diagonal).
E. a 1 E. a 2 E. a 3 E. a 4 E. a 5
E. autumnata1 0.005 0.007 0.009 0.010
E. autumnata2 0.015 0.007 0.008 0.009
E. autumnata3 0.023 0.022 0.009 0.009
E. autumnata4 0.035 0.033 0.039 0.009
E. autumnata5 0.041 0.036 0.040 0.037
Table 3. AMOVA of Norwegian Epirrita autumnata samples showing
haplotype distribution in four selected regions in Norway; north, east,
south, and west.
Source of
variation d.f
Sum of
squares
Variance
components
Percentage of
variation
Among regions 3 14.444 0.069 Va 1.710
Within regions 49 194.273 3.965 Vb 98.290
Total 52 208.717 4.034
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There are European studies showing opposing results.
Sn€all et al. (2004) analyzed the mtDNA control region
investigating the dispersal of E. autumnata females and
differentiation between northern- (Norwegian samples)
and southern (Finnish samples) E. autumnata popula-
tions. They found less variation in northern- compared
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Figure 3. Neighbor-joining analysis of 27 Epirrita sequences based on the ITS2 gene (Jukes–Cantor used as substitution model). E. christyi and
E. dilutata are included as out-groups. E. autumnata are shown as one monophyletic group with some diversity (< 0.5%). Bootstrap support
(10000 iterations) is shown at each node.
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Figure 4. Neighbor-joining analysis of 20 Epirrita sequences based on the Wingless gene and with E. christyi as out-group (Jukes–Cantor used as
substitution model). Bootstrap support (10,000 iterations) is shown at each node.
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with southern populations, which they argue might be a
result of the northern moths‘ cyclic population dynamics
(Futuyma 1998; Sn€all et al. 2004). Their results also
revealed moderate levels of divergence between the north-
ern and southern populations. In addition, results from a
study performed by Hausmann et al. (2011) showed no
variation within Bavarian E. autumnata and the published
sequences from that project cluster with moths in haplo-
group 2 from this study (data not shown). As the two
Scottish samples from our study also cluster together in
one group (haplogroup 3, Fig. 2a), it is likely that there is
a geographic structure at a larger scale and more samples
from a wider range should be investigated.
There are no indications of hybridization between the
Norwegian Epirrita species as no shared haplotypes
between E. christyi, E. dilutata, and E. autumnata were
found. However, ancient introgression by hybridization or
introgression from another extant congeneric cannot be
ruled out because this will give similar gene genealogy as
ancestral polymorphisms caused by isolation (Ballard and
Whitlock 2004). It should be noted that in Lepidoptera,
females are the heterogametic sex and that according to
Haldane’s rule (Haldane 1922), hybrid sterility/inviability
will be more severe in the heterogametic sex, thereby
reducing the likelihood of heterospeciﬁc mtDNA intro-
gression (but see Zakharov et al. 2009). Besides, even if
both isolation and ancient introgression by hybridization
could explain the origin of intraspeciﬁc variation in E. au-
tumnata, neither of these processes can explain the high
degree of incomplete linage sorting still existing in E. au-
tumnata mtDNA. Geography, ecology, and reproductive
barriers are all factors that could maintain variation within
a species, but we did not ﬁnd evidence for any of these
factors playing a role in this study. Using nuclear markers
that evolve faster, performing more thorough morphomet-
ric examinations of genitalia, and testing for other ecologi-
cal and morphological differences like host plant
preference and larvae differentiation could give a more
solid basis for concluding about these possibilities.
Association between Wolbachia infections
and COI haplogroups
Screening for Wolbachia infections showed infections in
E. autumnata and in E. christyi (Fig. 2a and 2b). This
result, combined with the results from NJ analysis of the
COI region (Fig. 2a) and the AMOVA (Table 3), resembles
those of Schulenburg et al. (2002). They examined Eur-
asian two-spot ladybirds, Adalia bipunctata, infected with
endoparasites from the genera Rickettsia and Spiroplasma,
in addition to infections by two distinct strains of Wolba-
chia. Also in this case, did mtDNA sequence analysis show
an association between infection status and distribution of
haplotypes, but no association between haplotype and
geography. However, Shoemaker et al. (2004) showed that
Wolbachia-infected species tend to have lower levels of
mtDNA diversity than uninfected closely related species.
Reduced levels of variation are the most commonly docu-
mented effect in Wolbachia-infected populations (Shoe-
maker et al. 1999; Dean et al. 2003; Jiggins 2003;
Shoemaker et al. 2004). Nevertheless, high levels of diver-
sity in mtDNA may be maintained within a population
when infected with bacteria of different strains, as different
strains might cause selective sweeps on different haplo-
types. The diversity will, in these cases, depend on the
number of symbionts the population harbors (Hurst and
Jiggins 2005). Symbionts like Wolbachia are also known to
cause hybrid introgression and possibly balancing selection
on cytoplasmic genes and may therefore be an important
factor in creating variation within a population or in a spe-
cies (Jiggins 2003). For example, Jiggins and Tinsley (2005)
found signiﬁcantly elevated levels of mtDNA diversity in
infected Adalia bipunctata beetles. They argued that the
effects of endoparasitic symbionts can be considerably
more complex than simple reduction in diversity following
a selective sweep. As several samples in this study tested
positive for Wolbachia and there seems to be an association
between haplogroups in E. autumnata and infection class,
it is possible that the mitochondrial genome of E. autum-
nata has undergone several Wolbachia infections and sub-
sequent selective sweeps, maintaining the diversity within
this species. However, as the test of selection based on Taj-
ima’s D gave a non-signiﬁcant result, we cannot rule out
the possibility that drift rather than selective sweeps causes
variation to be maintained in this species. Some mtDNA
haplotypes and their associated Wolbachia variants might
be carried to high frequencies because of the cyclical ﬂuctu-
ations in population size in E. autumnata.
DNA barcoding Lepidoptera
DNA barcoding has proven to be a useful tool for species
identiﬁcation in a wide range of animal species, including
Lepidoptera (Hebert et al. 2004; Hajibabaei 2006; Silva-
Brandao et al. 2009; Hausmann et al. 2011, but see Elias
et al. 2007; Wiemers and Fiedler 2007). This study shows
that sequencing the barcode region is sufﬁcient for discrim-
inating between specimens of Norwegian moths in the
genus Epirrita, hence fulﬁlling one of the main objectives of
DNA barcoding (species identiﬁcation of unknown speci-
mens; Hebert et al. 2003). However, our results also dem-
onstrate that delimiting species based on mtDNA
divergence alone, whether based on a threshold distance,
monophyly, or diagnostic nucleotides (Moritz and Cicero
2004; van Velzen et al. 2012), may lead to erroneous
conclusions and inﬂation of species numbers, supporting
134 ª 2012 The Authors. Published by Blackwell Publishing Ltd.
Deep mtDNA Divergence in E. autumnata K.S. Kvie et al.
previous critiques of the species discovery aspect of DNA
barcoding (Moritz and Cicero 2004; Hickerson et al. 2006).
It is becoming increasingly clear that integrating informa-
tion from several independent genetic loci as well as mor-
phological and/or ecological variation is required for
deﬁning new species (DeSalle et al. 2005; Galtier et al.
2009; Damm et al. 2010; Dupuis et al. 2012; Towes and
Brelsford 2012). As such, DNA barcoding can be a useful
method for initial screening of biodiversity, to discover
interesting genetic variation worthy of further study.
Concluding remarks
Analysis of the COI region reveals high divergence within
E. autumnata compared with the nuclear regions. As 12%
of the samples surveyed in this study tested positive for
Wolbachia, the COI data set should be interpreted with
care. Our analyses revealed no association between the
distribution of mitochondrial haplotypes and geography.
Nevertheless, ecological and morphological factors should
be examined more thoroughly to rule out the possibility
of the different haplogroups reﬂecting early stages of spe-
ciation. As there seems to be an association between Wol-
bachia infections and mtDNA haplogroups, a likely
explanation for the divergences in E. autumnata mtDNA
is that current populations consist of separate lineages
that once evolved in allopatry, without evolving reproduc-
tive barriers. At some point, secondary contact is obtained
and gene ﬂow reduces variation in the nuclear genome
over time, while Wolbachia infections contribute to main-
tain the variation in the mitochondrial genome. The effect
of linage sorting also seems prominent as there is one
dominant haplogroup (haplogroup 1, Fig. 2a).
From these ﬁndings, we conclude that current taxonomy
is correct and it is probable that Wolbachia contributes to
intraspeciﬁc mtDNA variation by maintaining less com-
mon lineages that normally would have been sorted out.
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Appendix: Table A1. Information about the samples surveyed in this study, sampling locations, coordinates and collecting dates. Footnotes
behind the municipalities show how the Norwegian E. autumnata samples were grouped into four Norwegian regions (used in the AMOVA).
Tissue sample Species Country Municipality Coordinates Collecting date
NHMO Lep08305 Epirrita autumnata Norway Sør-Varanger1 69°33′48.53″N, 30°05′11.19″E 10-20.VIII.2008
NHMO Lep08306 Epirrita autumnata Norway Sør-Varanger1 69°27′09.34″N, 30°03′28.97″E 9.IX-2.X.2008
NHMO Lep08307 Epirrita autumnata Norway Sør-Varanger1 69°33′48.53″N, 30°05′11.19″E 10-20.VIII.2008
NHMO Lep08308 Epirrita autumnata Norway Sør-Varanger1 69°33′48.53″N, 30°05′11.19″E 10-20.VIII.2008
RVO009 Epirrita autumnata Norway Sør-Varanger1 69°22′14.45″N,29°40′43.56″E 3.VIII-25.IX.2006
NHMO Lep08297 Epirrita autumnata Norway Lierne2 64°26′44.32″N, 13°42′57.43″E 25.IX.2008
NHMO Lep08298 Epirrita autumnata Norway Lierne2 64°26′44.32″N, 13°42′57.43″E 25.IX.2008
NHMO Lep08283 Epirrita autumnata Norway Hol2 60°31′33.79″N, 8°18′21.14″E 5-7.IX.2008
NHMO Lep08284 Epirrita autumnata Norway Hol2 60°31′33.79″N, 8°18′21.14″E 5-7.IX.2008
NHMO Lep08285 Epirrita autumnata Norway Hol2 60°31′33.79″N, 8°18′21.14″E 5-7.IX.2008
NHMO Lep08286 Epirrita autumnata Norway Hol2 60°31′33.79″N, 8°18′21.14″E 5-7.IX.2008
RVO014 Epirrita autumnata Norway Nøtterøy2 59°12′20.38″N, 10°33′49.53″E 5.VIII.2006
KB09008 Epirrita autumnata Norway Oslo2 59°53′52.18″N, 10°43′55.37″E 4-23.IX.2008
KB09009 Epirrita autumnata Norway Oslo2 59°53′52.18″N, 10°43′55.37″E 21.VIII-4.IX.2008
NHMO Lep09111 Epirrita autumnata Norway Hobøl2 59°38′30.02″N, 10°59′50.52″E 25-26.IX.2009
KB09016 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E IX.2007
KBE07032 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07033 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07034 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07035 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07036 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07037 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07038 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07039 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07040 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07041 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07042 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
KBE07043 Epirrita autumnata Norway Vang2 61°09′29.51″N, 8°31′40.88″E 1.IX.2006
NHMO Lep07087 Epirrita autumnata Norway As2 60°04′02.28″N, 10°11′15.06″E 27.IX.2007
KB08011 Epirrita autumnata Norway Lillesand3 58°11′07.17″N,8°13′58.90″E 4.X.2007
KB08012 Epirrita autumnata Norway Lillesand3 58°11′07.17″N,8°13′58.90″E X.2007
KB08013,5 Epirrita autumnata Norway Aseral3 58°47′11.51″N,7°19′12.63″E 11.X.2007
KB08092 Epirrita autumnata Norway Søgne3 58°07′37.47″N,7°36′40.09″E 7.X.2008
KB08093 Epirrita autumnata Norway Søgne3 58°07′37.47″N,7°36′40.09″E 17.X.2008
KB08094 Epirrita autumnata Norway Søgne3 58°07′37.47″N,7°36′40.09″E 17.X.2008
KB08095 Epirrita autumnata Norway Søgne3 58°07′37.47″N,7°36′40.09″E 17.X.2008
KB09097 Epirrita autumnata Norway Søgne3 58°07′37.47″N,7°36′40.09″E 17.X.2008
KB08083 Epirrita autumnata Norway Kristiansand3 58°09′39.95″N, 8°05′57.44″E 29.IX.2008
KB08086 Epirrita autumnata Norway Kristiansand3 58°09′39.95″N, 8°05′57.44″E 6.X.2008
KB08087 Epirrita autumnata Norway Kristiansand3 58°12′08.76″N, 8°06′05.92″E 12.X.2008
KB08101 Epirrita autumnata Norway Kristiansand3 58°12′08.76″N, 8°06′05.92″E 18.X.2008
KB09103 Epirrita autumnata Norway Kristiansand3 58°12′08.76″N, 8°06′05.92″E 12.X.2008
KB09004 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E 5-15.IX.2008
KB09005 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E 5-15.IX.2008
KB09020 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E IX.2008
KB09021 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E IX.2008
KB09023 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E IX.2008
KB09024 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E X.2008
KB09025 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E X.2008
KB09026 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E X.2008
KB09027 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E X.2008
KB09028 Epirrita autumnata Norway Ardal4 61°21′19.81″N,7°52′47.72″E X.2008
RVO021 Epirrita autumnata Norway Suldal4 59°29′49.34″N, 6°15′30.65E” 2.X.2002
RVO010 Epirrita autumnata Norway Suldal4 59°32′50.25″N,6°23′13.76″E 18.X.2004
(Continued)
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Appendix: Table A1. (Continued).
Tissue sample Species Country Municipality Coordinates Collecting date
RVO011 Epirrita autumnata Norway Suldal4 59°39′27.09″N,6°52′06.80″E 24.X.2002
RVO013 Epirrita christyi Norway Klepp 58°44′23.49″N, 5°30′45.48″E 14.X.2001
RVO015 Epirrita christyi Norway Nøttery 59°12′20.38″N, 10°33′49.53″E IX.2006
RVO016 Epirrita christyi Norway Nøttery 59°12′20.38″N, 10°33′49.53″E IX.2006
RVO001 Epirrita christyi Norway Skien 59°08′00.51″N, 9°39′25.22″E 11.IX.2008
RVO002 Epirrita christyi Norway Skien 59°08′00.51″N, 9°39′25.22″E 11.IX.2008
RVO003 Epirrita christyi Norway Skien 59°08′00.51″N, 9°39′25.22″E 11.IX.2008
RVO004 Epirrita christyi Norway Skien 59°08′00.51″N, 9°39′25.22″E 11.IX.2008
RVO005 Epirrita christyi Norway Skien 59°08′00.51″N, 9°39′25.22″E 11.IX.2008
RVO007 Epirrita christyi Norway Skien 59°08′00.51″N, 9°39′25.22″E 11.IX.2008
RVO008 Epirrita christyi Norway Skien 59°08′00.51″N, 9°39′25.22″E 11.IX.2008
KB09033 Epirrita christyi Norway Ardal 61°21′19.81″N, 7°52′47.72″E 17.X.2008
KBE08098 Epirrita christyi Norway Kristiansand 58°09′39.95″N, 8°05′57.44″E 18.X.2008
KBE08100 Epirrita christyi Norway Kristiansand 58°12′08.76″N, 8°06′05.92″E 18.XI.2008
NHMO Lep09112 Epirrita christyi Norway Asker 59°50′10.26″N, 10°28′01.80″E 1.X.2009
NHMO Lep09113 Epirrita christyi Norway Asker 59°50′10.26″N, 10°28′01.80″E 1.X.2009
NHMO Lep09114 Epirrita christyi Norway Asker 59°50′10.26″N, 10°28′01.80″E 1.X.2009
NHMO Lep07088 Epirrita christyi Norway As 60°04′02.28″N, 10°11′15.06″E 27.IX.2007
KBE07046 Epirrita christyi Norway Lillesand 58°11′07.17″N,8°13′58.90″E 30.IX.2007
KB08102 Epirrita dilutata Norway Kristiansand 58°12′08.76″N, 8°06′05.92″E 28.X.2008
KBE08096 Epirrita dilutata Norway Kristiansand 58°12′08.76″N, 8°06′05.92″E 18.X.2008
KBE08097 Epirrita dilutata Norway Kristiansand 58°12′08.76″N, 8°06′05.92″E 18.X.2008
KBE08099 Epirrita dilutata Norway Kristiansand 58°12′08.76″N, 8°06′05.92″E 18.X.2008
RVO012 Epirrita dilutata Norway Kristiansand 58°04′06.92″N, 7°58′52.55″E 1.XI.1999
KBE07047 Epirrita dilutata Norway Lillesand 58°11′07.17″N,8°13′58.90″E 14.X.2007
NHMO Lep09105 Epirrita autumnata Finland Lohja 60°15′01.16″N, 24°04′45.68″E 29.IX.2008
NHMO Lep09106 Epirrita autumnata Finland Lohja 60°15′01.16″N, 24°04′45.68″E 29.IX.2008
NHMO Lep09107 Epirrita autumnata Finland Lohja 60°15′01.16″N, 24°04′45.68″E 29.IX.2008
NHMO Lep09108 Epirrita autumnata Finland Hyvinka^a^ 60°37′54.63″N, 24°51′51.13″E 8.X.2008
NHMO Lep09109 Epirrita autumnata Finland Lohja 60°15′01.16″N, 24°04′45.68″E 29.IX.2008
NHMO Lep09118 Epirrita autumnata Scotland Banffshire 57°25′11.28″N, 2°38′35.08″V 18.X.2009
NHMO Lep09119 Epirrita autumnata Scotland Banffshire 57°25′11.28″N, 2°38′35.08″V 18.X.2009
NHMO Lep09120 Epirrita autumnata Scotland Banffshire 57°25′11.28″N, 2°38′35.08″V 18.X.2009
1North.
2East.
3South.
4West.
Appendix: Table A2. GenBank accession numbers.
Tissue sample Species COI ITS2 Wingless wsp
NHMO Lep08305 Epirrita autumnata JX260769 JN225585 JN225572
NHMO Lep08306 Epirrita autumnata JX260785 JN225586 JN225573
NHMO Lep08307 Epirrita autumnata JX260741 JN225587 JN225566
NHMO Lep08308 Epirrita autumnata JX260738 JN225588 JN225581
RVO009 Epirrita autumnata JX260749 JN225606 JN225568 JX310341
NHMO Lep08297 Epirrita autumnata JX260733
NHMO Lep08298 Epirrita autumnata JX260786
NHMO Lep08283 Epirrita autumnata JX260759 JN225584 JN225571
NHMO Lep08284 Epirrita autumnata JX260775
NHMO Lep08285 Epirrita autumnata JX260783
NHMO Lep08286 Epirrita autumnata JX260782
(Continued)
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Appendix: Table A2. (Continued).
Tissue sample Species COI ITS2 Wingless wsp
RVO014 Epirrita autumnata JX260772 JN225590 JN225575
KB09008 Epirrita autumnata JX260758 JN22600
KB09009 Epirrita autumnata JX260768 JN225601
NHMO Lep09111 Epirrita autumnata JX260754
KB09016 Epirrita autumnata JX260757
KBE07032 Epirrita autumnata JX260784
KBE07033 Epirrita autumnata JX260739
KBE07034 Epirrita autumnata JX260760
KBE07035 Epirrita autumnata JX260762
KBE07036 Epirrita autumnata JX260752
KBE07037 Epirrita autumnata JX260771
KBE07038 Epirrita autumnata JX260773
KBE07039 Epirrita autumnata JX260789
KBE07040 Epirrita autumnata JX260788
KBE07041 Epirrita autumnata JX260756
KBE07042 Epirrita autumnata JX260743
KBE07043 Epirrita autumnata JX260753
NHMO Lep07087 Epirrita autumnata JX260779
KB08011 Epirrita autumnata JX269737 JN225592 JN225580
KB08012 Epirrita autumnata JX260787 JX310345
KB08013,5 Epirrita autumnata JX260778
KB08092 Epirrita autumnata JX260745
KB08093 Epirrita autumnata JX260736 JN225595 JX310346
KB08094 Epirrita autumnata JX260744 JN225596 JN225567
KB08095 Epirrita autumnata JX260742
KB09097 Epirrita autumnata JX260780 JN225604
KB08083 Epirrita autumnata JX260770
KB08086 Epirrita autumnata JX260751
KB08087 Epirrita autumnata JX260791 JN225593 JN225577 JX310342
KB08101 Epirrita autumnata JX260746
KB09103 Epirrita autumnata JX260740 JN225605 JN225569 JX310340
KB09004 Epirrita autumnata JX260731
KB09005 Epirrita autumnata JX260761
KB09020 Epirrita autumnata JX260790
KB09021 Epirrita autumnata JX260765
KB09023 Epirrita autumnata JX260767
KB09024 Epirrita autumnata JX260766
KB09025 Epirrita autumnata JX260792
KB09026 Epirrita autumnata JX260774 JN225602 JN225578
KB09027 Epirrita autumnata JX260734 JN225603
KB09028 Epirrita autumnata JX260732
RVO021 Epirrita autumnata JX260747 JN225591 JN225576
RVO010 Epirrita autumnata JX260710 JN225589 JN225574 JX310348
RVO011 Epirrita autumnata JX260781
RVO013 Epirrita christyi JX260808
RVO015 Epirrita christyi JX260796
RVO016 Epirrita christyi JX260802
RVO001 Epirrita christyi JX260800
RVO002 Epirrita christyi JX260806
RVO003 Epirrita christyi JX260794
RVO004 Epirrita christyi JX260807 JN225607 JN225582
RVO005 Epirrita christyi JX260793 JN225608 JN225583
RVO007 Epirrita christyi JX260799 JX310336
RVO008 Epirrita christyi JX260797
KB09033 Epirrita christyi JX260804
(Continued)
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Appendix: Table A2. (Continued).
Tissue sample Species COI ITS2 Wingless wsp
KBE08098 Epirrita christyi JX260809
KBE08100 Epirrita christyi JX260805 JX310335
NHMO Lep09112 Epirrita christyi JX260803 JX310337
NHMO Lep09113 Epirrita christyi JX260810 JX310338
NHMO Lep09114 Epirrita christyi JX260795 JX310339
NHMO Lep07088 Epirrita christyi JX260798
KBE07046 Epirrita christyi JX260801
KB08102 Epirrita dilutata JX260814 JN225610
KBE08096 Epirrita dilutata JX260813
KBE08097 Epirrita dilutata JX260816 JN225609
KBE08099 Epirrita dilutata JX260812
RVO012 Epirrita dilutata JX260811
KBE07047 Epirrita dilutata JX260815
NHMO Lep09105 Epirrita autumnata JX260764 JN225594 JN225570 JX310347
NHMO Lep09106 Epirrita autumnata JX260735
NHMO Lep09107 Epirrita autumnata JX260763
NHMO Lep09108 Epirrita autumnata JX260748 JX310343
NHMO Lep09109 Epirrita autumnata JX260777 JX310344
NHMO Lep09118 Epirrita autumnata JX260750 JN225598
NHMO Lep09119 Epirrita autumnata JN225599 JN225579
NHMO Lep09120 Epirrita autumnata JX260776 JN225597
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 KB09005 E.autumnata Aardal
 LON336-08|KBE-07034|E.autumnata Vang
 LON344-08|KBE-07042|E.autumnata Vang
 LON335-08|KBE-07033|E.autumnata Vang
 KB08094 E.autumnata Sogne
 KB08011 E.autumnata Lillesand
 RVO011 E.autumnata Suldal
 NHMO Lep08284 E.autumnata Hol
 NHMO Lep08285 E.autumnata Hol
 RVO014 E.autumnata Notteroy
 KB08012 E.autumnata Lillesand
 KB08101 E.autumnata Kristiansand
 LON337-08|KBE-07035|E.autumnata Vang
 KB09021 E.autumnata Aardal
 LON345-08|KBE-07043|E.autumnata Vang
 NHMO Lep08283 E.autumnata Hol
 NHMO Lep08286 E.autumnata Hol
 RVO021 E.autumnata Suldal
 KB08013.5 E.autumnata Aaseral
 KB09004 E.autumnata Aardal
 LON338-08|KBE-07036|E.autumnata Vang
 NHMO Lep08298 E.autumnata Lierne
 KB09020 E.autumnata Aardal
 NHMO Lep08307 E.autumnata Sor Varanger
 NHMO Lep08297 E.autumnata Lierne
 KB08083 E.autumnata Kristiansand
 KB09024 E.autumnata Aardal
 LON343-08|KBE-07041|E.autumnata Vang
 LON334-08|KBE-07032|E.autumnata Vang
 KB09028 E.autumnata Aardal
 NHMO Lep09107 E.autumnata Finland
 NHMO Lep09108 E.autumnata Finland
 LON340-08|KBE-07038|E.autumnata Vang
 KB08086 E.autumnata Kristiansand
 KB08092 E.autumnata Sogne
 KB09016 E.autumnata Vang
 NHMOLep08305 E.autumnata Sor Varanger
 KB08095 E.autumnata Sogne
 KB09008 E.autumnata Oslo
 KB09009 E.autumnata Oslo
 KB09025 E.autumnata Aardal
 KB09026 E.autumnata Aardal
 KB09023 E.autumnata Aardal
 KB09097 E.autumnata Sogne
 NHMO Lep09111 E.autumnata Hobol
 LON342-08|KBE-07040|E.autumnata Vang
 LON341-08|KBE-07039|E.autumnata Vang
 NHMOLep08306 E.autumnata Sor Varanger
 NHMO Lep09106 E.autumnata Finland
 NHMO Lep09118 E.autumnata Skottland
 NHMO Lep09120 E.autumnata Skottland
 LON296-08|NHMO-07087|E.autumnata Aas
 NHMO Lep08308 E.autumnata Sor-Varanger
 NHMO Lep09105 E.autumnata Finland
 NHMO Lep09109 E.autumnata Finland
 RVO010 E.autumnata Suldal
 KB08093 E.autumnata Sogne
 LON339-08|KBE-07037|E.autumnata Vang
 KB08087 E.autumnata Kristiansand
 KB09103 E.autumnata Kristiansand
 KB09027 E.autumnata Aardal
 RV009 E.autumnata Sor-Varanger
 KBE08096 E.dilutata Kristiansand
 LON349-08|KBE-07047|E.dilutata Lillesand
 KBE08097 E.dilutata Kristiansand
 KBE08099 E.dilutata Kristiansand
 KB08102 E.dilutata Kristiansand
 RVO012 E.dilutata Kristiansand
 KBE08098 E.christyi Kristiansand
 NHMO Lep09114 E.christyi Asker
 RV001 E.christyi Skien
 RVO003 E.christyi Skien
 RVO004 E.christyi Skien
 RVO005 E.christyi Skien
 RVO013 E.christyi Klepp
 RVO008 E.christyi Skien
 KB09033 E.christyi Aardal
 LON297-08|NHMO-07088|E.christyi Aas
 RVO002 E.christyi Skien
 RVO016 E.christyi Notteroy
 RVO015 E.christyi Notteroy
 RVO007 E.christyi Skien
 KBE08100 E.christyi Kristiansand
 NHMO Lep09112 E.christyi Asker
 NHMO Lep09113 E.christyi Asker
 LON348-08|KBE-07046|E.christyi Lillesand
85
36
95
0.01
97
85
99
99
99
99
99
98
99
Figure A1. Minimum evolution analysis (Tamura 3-parameter as substitution model) of the COI data set (n = 86), showing the same structure as
the NJ analysis, with 5 distinct COI-haplotypes. Bootstrap (10000 iterations) is shown at each node.
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 RVO014 E.autumnata Notteroy
 LON345-08|KBE-07043|E.autumnata Vang
 RVO011 E.autumnata Suldal
 LON344-08|KBE-07042|E.autumnata Vang
 KB09028 E.autumnata Aardal
 KB08086 E.autumnata Kristiansand
 KB08092 E.autumnata Sogne
 NHMO Lep08307 E.autumnata Sor Varanger
 LON343-08|KBE-07041|E.autumnata Vang
 KB09024 E.autumnata Aardal
 KB08083 E.autumnata Kristiansand
 NHMO Lep08286 E.autumnata Hol
 KB09021 E.autumnata Aardal
 KB08013.5 E.autumnata Aaseral
 NHMO Lep08285 E.autumnata Hol
 LON338-08|KBE-07036|E.autumnata Vang
 KB08012 E.autumnata Lillesand
 NHMO Lep08284 E.autumnata Hol
 LON337-08|KBE-07035|E.autumnata Vang
 KB08011 E.autumnata Lillesand
 NHMO Lep08283 E.autumnata Hol
 KB09005 E.autumnata Aardal
 LON336-08|KBE-07034|E.autumnata Vang
 NHMO Lep08298 E.autumnata Lierne
 KB09020 E.autumnata Aardal
 LON335-08|KBE-07033|E.autumnata Vang
 KB09004 E.autumnata Aardal
 NHMO Lep08297 E.autumnata Lierne
 LON334-08|KBE-07032|E.autumnata Vang
 KB08101 E.autumnata Kristiansand
 RVO021 E.autumnata Suldal
 LON340-08|KBE-07038|E.autumnata Vang
 NHMO Lep09107 E.autumnata Finland
 NHMO Lep09108 E.autumnata Finland
 KB08094 E.autumnata Sogne
 KB09016 E.autumnata Vang
 NHMOLep08306 E.autumnata Sor Varanger
 NHMO Lep09106 E.autumnata Finland
 NHMOLep08305 E.autumnata Sor Varanger
 KB08095 E.autumnata Sogne
 LON341-08|KBE-07039|E.autumnata Vang
 KB09008 E.autumnata Oslo
 KB09009 E.autumnata Oslo
 KB09025 E.autumnata Aardal
 KB09026 E.autumnata Aardal
 KB09023 E.autumnata Aardal
 KB09097 E.autumnata Sogne
 NHMO Lep09111 E.autumnata Hobol
 LON342-08|KBE-07040|E.autumnata Vang
 NHMO Lep09118 E.autumnata Skottland
 NHMO Lep09120 E.autumnata Skottland
 KB08087 E.autumnata Kristiansand
 KB09103 E.autumnata Kristiansand
 RV009 E.autumnata Sor-Varanger
 LON339-08|KBE-07037|E.autumnata Vang
 KB09027 E.autumnata Aardal
 NHMO Lep08308 E.autumnata Sor-Varanger
 RVO010 E.autumnata Suldal
 NHMO Lep09105 E.autumnata Finland
 NHMO Lep09109 E.autumnata Finland
 LON296-08|NHMO-07087|E.autumnata Aas
 KB08093 E.autumnata Sogne
 KB08102 E.dilutata Kristiansand
 KBE08099 E.dilutata Kristiansand
 LON349-08|KBE-07047|E.dilutata Lillesand
 KBE08096 E.dilutata Kristiansand
 KBE08097 E.dilutata Kristiansand
 RVO012 E.dilutata Kristiansand
 KBE08098 E.christyi Kristiansand
 NHMO Lep09114 E.christyi Asker
 RVO002 E.christyi Skien
 RVO003 E.christyi Skien
 RV001 E.christyi Skien
 RVO008 E.christyi Skien
 LON297-08|NHMO-07088|E.christyi Aas
 RVO013 E.christyi Klepp
 RVO005 E.christyi Skien
 KB09033 E.christyi Aardal
 RVO004 E.christyi Skien
 NHMO Lep09112 E.christyi Asker
 NHMO Lep09113 E.christyi Asker
 RVO016 E.christyi Notteroy
 RVO015 E.christyi Notteroy
 LON348-08|KBE-07046|E.christyi Lillesand
 RVO007 E.christyi Skien
 KBE08100 E.christyi Kristiansand
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99
99
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99
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Figure A2. Maximum parsimony analysis (using the complete deletion option) of the COI data set (n = 86). MP analysis also shows high
intraspeciﬁc variation within E. autumnata. Bootstrap values (500 iterations) are shown at each node.
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Abstract 
Spermatozoa are among the most variable animal cell types, and much research is currently 
directed towards explaining inter- and intraspecific variation in sperm form and function. 
Recent comparative studies in passerine birds have found associations between the level of 
sperm competition and both sperm length and sperm velocity. In species with sperm 
competition, postcopulatory sexual selection may shape the morphology of sperm as 
adaptations to the female environment. The speed of evolutionary change in sperm 
morphology at the species level is largely unknown. In this study, we analysed variation in 
sperm morphology among morphologically distinct and geographically isolated bluethroat 
subspecies in Europe. Consistent with previous studies, our analyses of mtDNA and 
nuclear introns suggest recent divergence and lack of lineage sorting among the subspecies. 
We found significant divergence in total sperm length and in the length of some sperm 
components (i.e. head and midpiece). There was a significantly positive relationship 
between pairwise divergences in sperm morphology and mitochondrial DNA, suggesting a 
role for genetic drift in sperm divergence. The magnitude of sperm length divergence was 
considerably higher than that in other geographically structured passerines, and even 
higher than that observed between several sister species. We hypothesize that the rapid 
sperm evolution in bluethroats is driven by sperm competition, and that strong 
postcopulatory sexual selection on sperm traits can lead to rapid speciation through 
reproductive incompatibilities.    
Keywords: sperm competition, sperm morphology, sperm size variation, reproductive 
isolation  

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Introduction 
Sexual selection is a potent evolutionary force that may lead to rapid changes in traits 
related to success in competition for mates, like ornaments and armaments (Andersson 
1994). Divergence in such secondary sexual traits and associated mate preferences may 
lead to precopulatory prezygotic isolation between populations and hence catalyse the 
early stages of speciation (Panhuis et al. 2001; Grethner 2010; Maan and Seehausen 2011). 
Similarly, postcopulatory sexual selection (i.e. sperm competition and cryptic female 
choice) exerts strong selection on primary sexual traits (e.g. gametes and the tissues 
producing them), and divergence in such traits may also lead to prezygotic reproductive 
isolation, and ultimately speciation (Coyne and Orr 2004). 
Spermatozoa are among the most variable animal cell types, exhibiting 
considerable variation in morphometry and behaviour at all levels of organisation (e.g. 
Cohen 1977; Pitnick et al. 2009).  Recent comparative studies have suggested that sperm 
competition influences the evolution of a range of male reproductive traits (Birkhead and 
Møller 1998). For example, species experiencing stronger sperm competition have larger 
testes (relative to their body size) (Møller 1991; Harcourt et al. 1995; Hosken 1997; 
Stockley et al. 1997; Byrne et al. 2002) and produce more sperm (Rowe and Pruett-Jones 
2011). Furthermore, total sperm length is associated with the risk of sperm competition in a 
range of taxa including, insects (Gage 1994; Morrow and Gage 2000), fish (Stockley et al. 
1997; Balshine et al. 2001), frogs (Byrne et al. 2003), mammals (Gomendio and Roldan 
1991; Breed and Taylor 2000; but see Hosken 1997; Gage and Freckleton 2003) and birds 
(Lüpold et al. 2009b; Kleven et al. 2009; but see Immler and Birkhead 2007).   
Variation in sperm size between males in a population is also associated with sperm 
competition. Specifically, the coefficient of between-male variation in total sperm length is 
negatively related to the level of sperm competition faced by males in passerine birds 
(Calhim et al. 2007; Kleven et al. 2008; Lifjeld et al. 2010), suggesting that sperm 
competition exerts strong stabilizing selection on sperm morphology. Sperm traits may 
also respond to directional selection from sperm competition (e.g. Kleven et al. 2009; 
Lüpold et al. 2009a), in addition to being influenced by drift (Laskemoen et al. in press). 
Moreover, sperm morphology appears to be shaped via interaction with the female 
reproductive environment (Woolley 1970; Briskie et al. 1997; Morrow and Gage 2001; 
Higginson et al. 2012). Therefore, a complex range of selection pressures and drift are 
likely to drive the evolution of sperm morphology and, consequently, sperm traits may 
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move towards different optima in different populations, especially if the spatially isolated 
populations differ in strength or form of selection.  
Passerine birds exhibit considerable variation in total sperm length, ranging from 
42.7µm in the red-backed shrike (Lanius collurio) (Briskie et al. 1997) to 291µm in reed 
bunting (Emberiza schoeniclus) (Dixon and Birkhead 1997). Sperm length generally shows 
high phylogenetic dependence in comparative studies (e.g. Kleven et al. 2009). However, 
closely related species may also exhibit large divergence in total sperm length, e.g. sand 
martins Riparia riparia (123.0 µm) (Kleven et al. 2009) and tree swallows Tachycineta 
bicolor (235.4 µm) Laskemoen et al. 2010). Within the family Muscicapidae, total sperm 
length varies from 101.2 µm (collared flycatcher Ficedula albicollis) to 279.9 µm 
(nightingale Luscinia megarhynchos) among 12 investigated species (own unpublished 
data). To date, relatively few studies have investigated intraspecific variation in sperm 
morphology, despite the fact that analyses at these levels (between-individuals within a 
population and between populations) should provide considerable insight into both the 
selection pressure shaping the evolution of sperm morphology and the speed of 
evolutionary change in sperm traits. Additionally, intraspecific studies may reveal 
contrasting patterns to studies at the interspecific level (e.g. Lüpold et al. 2009b), thus a 
comprehensive understanding of the evolution of sperm traits requires examination at both 
levels of organisation.  
A limited number of recent studies of passerine birds demonstrate significant 
variation in sperm morphology among different populations (Schmoll and Kleven 2011; 
Laskemoen et al. in press; Lüpold et al. 2011). Moreover, in addition to variation in sperm 
morphology among redwing-blackbird (Agelaius phoeniceus) populations, Lüpold et al. 
(2011) found a gradual increase in sperm size from southwest to northeast of the breeding 
range, and a negative relationship between sperm length and body size. However, in this 
study and the study of Schmoll and Kleven (2011) on coal tits (Periparus ater), the degree 
of genetic differentiation between subspecies was unknown and thus no inference could be 
drawn regarding the speed of sperm diversification. Laskemoen et al. (in press) found 
significant variation in sperm morphology among barn swallow populations (Hirundo 
rustica). Moreover, in that study, the subspecies with highest genetic distance also showed 
more differences on sperm morphology, leading the authors to hypothesise that variation in 
sperm morphology between subspecies might reflect the genetic distance between taxa 
(Laskemoen et al. in press). Studies incorporating information on both variation in sperm 
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traits along with data concerning genetic divergence are necessary to examine the speed 
and direction of evolution on sperm traits.  
Here, we examined both sperm morphology and genetic divergence in the 
bluethroat (Luscinia svecica) subspecies complex. The bluethroat is a small (~18 g) 
passerine bird, which ranges from upper arctic limits to temperate and steppe middle 
latitudes and breeds from the western Palearctic to eastern Eurasia (Cramp 1988). 
Currently, ten subspecies are recognized based primarily on differences in male plumage 
characteristics and to some extent size (Cramp 1988). All subspecies are sexually 
dimorphic: males are larger and exhibit striking sexual ornamentation, whereas female 
generally exhibit drab plumage (Johnsen et al. 2006). Specifically, males have a colourful 
throat patch with blue and chestnut surrounding a conspicuous central spot (white, red or 
absent depending on the subspecies), which is displayed during courtship (Peiponen 1960; 
Johnsen and Lifjeld 1995). There is also evidence that subspecies vary in song 
characteristics (Turcokova et al. 2010). Currently, the phylogenetic relationships among 
the bluethroat subspecies are not well resolved and subspecific status is somewhat 
contentious. Using mtDNA markers (control region, cyt b), Questiau et al. (1998) found 
support for two distinct subspecies clusters (svecica and namnetum), whereas Zink et al. 
(2003), despite reporting a relatively high degree of population differentiation (FST = 0.29), 
found little support for subspecies recognition in a study of seven morphs previously 
identified as subspecies based on morphological differences. Using 11 microsatellite loci, 
Johnsen et al. (2006) found evidence for differentiation (FST = 0.042) across bluethroat 
populations in Europe and Asia. Moreover, that study found support for genetic 
differentiation between some morphologically distinct subspecies, most notably svecica, 
namnetum, azuricollis and cyanecula (Johnsen et al. 2006).  
Laskemoen et al. (2007) demonstrated considerable between-male and within-male 
variation in sperm morphology in the nominate subspecies. In the present study, we focus 
on the four most distinct subspecies identified by Johnsen et al. (2006) (i.e. ssp. svecica, 
namnetum, azuricollis, cyanecula and in addition ssp. volgae), and investigate between-
population variation in sperm morphology in relation to variation in two mtDNA regions 
and two nuclear introns. Our study had two main aims: 1) to test if there is a relationship 
between genetic divergence and sperm divergence within these five study populations and 
2) to compare differences in sperm evolution between bluethroat and other species with 
known sperm divergence.  
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Material and methods 
Field work  
We collected samples from each of the five bluethroat subspecies (azuricollis, cyanecula, 
namnetum, svecica and volgae) (see Table S1 for details of localities and Table S2 for 
information about individual samples) during the peak of the breeding season in 1996-2011. 
Birds were caught on their home territories using song playback and mist nets or clap nets 
using mealworm as bait. Sperm samples were collected via cloacal massage (Wolfson 
1952). The ejaculate was collected with a micro capillary tube and fixed in 5% formalin 
(PBS) solution. At the same time, 25 µl of blood was collected by brachial venipuncture 
and stored in 96% ethanol. DNA was later extracted following the protocol for the E.Z.N.A 
blood kit (Omega Bio-Tek, Inc, Norcross, Georgia) and the QIAmp blood kit (QIAGEN, 
Inc. Valencia, California). 
Sperm morphology  
For each individual, approximately 15l of diluted sperm was applied to a glass 
microscope slide and allowed to air-dry. Next, the slide was gently rinsed with distilled 
water and allowed to air-dry once again. We captured digital images (160 x magnification) 
of sperm cells using a Leica DFC420 camera mounted on a Leica DM6000 B digital light 
microscope (Leica Microsystems, Switzerland) and measured sperm length using 
specialised image analysis software (Leica Application suite v. 2.6.0 R1). For each male, 
the following measurements were obtained (±0.1 µm): head length, midpiece length, tail 
length and total length (i.e. head + midpiece + tail). Following the recommendation of 
Laskemoen et al. (2007) we measured 10 morphologically normal sperm from a minimum 
of 10 males per subspecies (with the exception of volgae, for which samples were only 
available from nine males). Additionally, we calculated the within male (CVwm) and 
between male coefficient of variation in total sperm length (CVbm), the latter being an 
index for sperm competition across passerines (Lifjeld et al. 2010). We then adjusted CVbm
according to the sample size using the formula CVbm + (1/(4n)) (Sokal & Rohlf, 1995), 
because CVbm has been documented to be underestimated in small population samples 
(Laskemoen et al., 2007). Hereafter, CVbm will refer to the adjusted value. To avoid 
observer effects, all measurements were conducted by one person (TL). 

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PCR and sequencing 
We sequenced two mitochondrial regions (COI-region and control region, n = 84 each) and 
two Z-linked introns (BRM-15 and VLDLR-7, n=53 each; see Table S3 for primer 
combinations and PCR conditions). All markers were amplified in PCR reaction volumes 
of 10 µL, containing dH2O, 1X PCR buffer II (Applied Biosystems), 1.5mM magnesium, 
0.2mM dNTP (ABgene, Epsom, UK), 0.5mM forward and reverse primer, 3% dimethyl 
sulfoxide (DMSO), 0.25 U AmpliTaq DNA polymerase (Applied Biosystems, California) 
and approximately 50ng DNA template. Amplifications were run on a DNA Engine Tetrad 
2 (MJ Research, Waterton, MA, USA) using the following profile: 95˚C for 1 min, 94˚C 
for 30 sec, annealing temperature 52-56˚C (depending on primer combination; see Table 
S3) for 30 sec, 72˚C for 1 min. This profile was then repeated for a further 34 cycles before 
a final elongation step of 72˚C for 10 min. In order to confirm amplification success and to 
exclude any contamination, 3 µl of PCR-product was electrophoresed in 1% agarose TBE.  
The remaining PCR product was purified by digesting unincorporated nucleotides 
and primers using diluted (1:9) ExoSap-It (United States Biochemical, Cleveland) run at 
37C for 45 min, followed by 15min at 80C to inactivate the enzyme. The PCR products 
were then sequenced using BigDye Terminator v 3.1 Cycle Sequencing kit (Applied 
Biosystems, California). Next, sequences were aligned (using ClustalW) and manually 
edited in the program Mega 5.0 (Tamura et al. 2007). For each locus, all sequences were 
truncated to the length of the shortest sequence for comparison. Altogether, we included 
samples from five different subspecies and seven different populations. Sperm samples and 
mitochondrial regions were analysed from individuals sampled at the same locality during 
a single collection episode, with the exception of individuals sampled in Wroclaw (Poland) 
for which blood and sperm were collected from the same locality but from different birds 
during different years (2009 and 2010, respectively). For the Z-introns, samples were 
obtained from the same localities, but in different years, as both sperm and mtDNA 
samples, with the exception of cyanecula, for which samples were obtained from 
Thüringen (Germany) and Trebon (Czech Republic). Importantly, introns were sequenced 
from females only which allowed us to obtain exact haplotypes, since female birds are 
hemizygous on the Z-chromosome. Finally, we did not sequence any introns from the 
volgae population. 
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Statistical methods 
We tested for differences in sperm morphology (means per male) among subspecies using 
ANOVAs and posthoc Tukey HSD tests using Statistica v 7.1 (StatSoft Inc). DNAsp v 5 
(Librado and Rozas 2009) was used to calculate the nucleotide diversity () (Hudson et al.
1987) and Tajima’s D (Tajima 1989) for both mitochondrial and nuclear regions. We 
implemented a model test in Mega v5.05 (Tamura et al. 2011), using BIC (Bayesian 
Information Criterion) scores to find the best fitting substitution model for the two 
mitochondrial markers combined (all further analyses were conducted for the two mtDNA 
regions combined) and each intron separately. For mitochondrial regions, a gene tree based 
on maximum likelihood was made using Mega v5.05 with the substitution model HKY+G, 
with Luscinia megarhynchos as outgroup. For nuclear regions, maximum likelihood were 
constructed using the K2P (VLDLR-7) and Tamura-3-parameter (BRM-15) model using 
the same outgroup. Bootstrap values were calculated in Mega v5.05 using 10 000 
iterations. Translation from nucleotide to amino acid sequences of the analysed regions 
revealed no stop codons, frameshifts or systematic double peaks in the COI region, 
indicating an absence of pseudogenes.  
In order to examine the genetic structure of the populations, analysis of molecular 
variance (AMOVA) was run using Arlequin v3.5 (Excoffier et al. 2005). The variance was 
partitioned into variation between populations and variation within populations. Pairwise 
species differentiation was estimated using FST (Weir and Cockerham 1984), with default 
settings in the population comparison. These FST values can be used as short term genetic 
distances between populations. The null hypothesis is no differences between the 
populations, and the P-value is given as the proportions of simulations giving a FST value 
larger or equal to the observed one. Similarly, we calculated a measure of phenotypic 
divergence, PST, that expresses the proportion of total variance in sperm length that can be 
attributed to the variation among populations.  PST was calculated using the following 
formula,  

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	 , where  is the phenotypic variance between populations,   is 
the phenotypic variance within populations and h2 denotes the heritability (Leinonen et al. 
2006). We calculated  and   from one-factor ANOVA following Sokal and Rohlf 
(1995; p. 216, Box 9.2). The heritability was conservatively set to 0.62, based on an 
estimate of heritability of flagellum length (midpiece plus tail) reported for the zebra finch 
(Taeniopygia guttata) by Birkhead et al. (2005). Next, in order to test for a correlation 
between pairwise estimates of genetic divergence (FST) and sperm length divergence (PST), 
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
we performed a Mantel test (Mantel 1967) to correct for the multiple uses of the same 
populations. The Mantel test was conducted in R version 2.11.1 (R Development Core 
Team, 2007) using the package ade4 (Dray and Dufour 2007) and the P-value obtained 
through Monte Carlo simulations with 9999 replicates. 
Results 
Sperm morphology 
We found significant variation in  total sperm length among the five subspecies (Table 1) 
(F4,77 = 47.0, P < 0.001; Fig. 1). This was more or less explained by variation in midpiece 
length (F4,77 = 26.8, P < 0.001) which showed the same pattern as total length. In addition, 
we found significant variation in head length (F4,77 = 7.47, P < 0.001), although this 
component showed a different pattern than total and midpiece length.  In contrast, tail 
length did not vary between subspecies (F4,77 = 0.80, P = 0.53). Posthoc tests revealed that 
total length and midpiece length was significantly longer in azuricollis relative to all other 
subspecies (Table 2). In addition, svecica had significantly longer total sperm length 
relative to cyanecula, and cyanecula had a significantly longer midpiece relative to 
namnetum (Table 2). Finally, svecica had significantly longer sperm head length relative to 
both cyanecula and namnetum (Table 2). The total PST was 0.70, P < 0.001. 
  We found a nearly two-fold variation in CVbm of total sperm length, ranging from 
1.91 in svecica to 3.30 in azuricollis (Table 1). A post hoc test of homogeneity of variances 
showed significant heterogeneity of sperm variation among populations (Bartletts test 2= 
9.59, P = 0.048). Moreover, the CVwm varied significantly between populations (F4,77 = 
8.44, P < 0.001) and ranged from 1.30 to 1.92 (Table 1), with cyanecula differing 
significantly from both azuricollis and svecica (Table 2). There was no significant 
correlations between CVbm and mean CVwm (Spearman’s correlation: n = 5, rs = 0.05, P = 
0.93).  
Variation in mitochondrial DNA  
Of the 1229 bp sequenced for mtDNA in all individuals, we found 27 variable sites and 16 
parsimony informative sites (Luscinia megarhynchos outgroup excluded). The nucleotide 
diversity () for all subspecies combined was 0.0023, and ranged from 0.0006 (azuricollis) 
to 0.0022 (volgae) across the five subspecies (Table S4). A neutrality test based on allele 
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frequency, Tajima’s D, was performed for the two mitochondrial regions combined, for 
each of the subspecies and none of these test showed significant results (Table S4). 
 The mitochondrial gene tree did not show a clear structure of the subspecies in 
monophyletic clades, but it did show moderate support (with bootstrap support just above 
50%) for two groups, one consisting of namnetum, cyanecula and azuricollis, and the other 
consisting of svecica (Fig 2). Interestingly, the volgae population was present in both 
groups (Fig 2). In addition, the azuricollis population formed a monophyletic group, with 
relatively high bootstrap support (> 80%) for a clade consisting of 19 out of the 21 
individuals from this population. The mtDNA gene trees did not have enough resolution or 
support to determine the most ancestral of these five subspecies. 
 AMOVA revealed that 61% of the total variation occurred between subspecies 
while 39% occurred within populations, with an overall significant FST-value (FST = 0.61, 
P < 0.001). Additionally, pairwise FST values between the five subspecies showed 
relatively high and significant values (see Table 3). The maximum genetic distance 
between any individual (using K2P substitution model) was estimated to 0.7% and the 
mean genetic distance to 0.3%. Assuming a conventional molecular clock and mutation 
rate (i.e. 2% divergence per million years, Bromham and Penny 2003), the maximum time 
since divergence was 350 000 ya and the mean time since divergence150 000 ya.  
Variation in nuclear DNA 
Of the 933bp sequenced for the nuclear introns in all individuals, we found 39 variable 
sites and 22 parsimony informative sites (outgroup excluded). The total nucleotide 
diversity () for the introns was 0.0061 for all subspecies combined. The -value ranged 
from 0.0006 (in azuricollis) to 0.0074 (in cyanecula) for the two introns combined (Table 
S4). The neutrality test, Tajima’s D, showed no significant values for any of the subspecies 
using introns (Table S4). The two gene trees calculated using the introns BRM-15 and 
VLDLR-7 (with Luscinia megarhynchos as outgroup) showed no structure related to the 
subspecies (Figs. S1 and 2). AMOVA revealed that 12% of the total variation occurred 
between populations, while 88% occurred within populations, with an overall significant 
FST-value (FST = 0.12, P-value < 0.001). 
Comparing sperm with genes 
There was an overall good concordance between genetic divergence (FST = 0.61) and 
sperm length divergence (PST= 0.70) for all five populations analysed together. There was 
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also a significant positive correlation between the two divergence measures for all pairwise 
estimates among populations (Figure 3; Mantel test: R = 0.80, P = 0.042). There was, 
however, no such relationship between intronic FST-estimates and PST-estimates (Mantel 
test: R = 0.24, P = 0.34).  
 Populations with high genetic diversity in mtDNA and Z introns had significantly 
lower variation in sperm length (mtDNA FST = 0.61, intronic FST = 0.12 versus total PST =
0.70). This is opposite to expectation from a neutral model of variation in a heritable 
character, like sperm length.
Discussion  
Corresponding divergence in the bluethroats 
We found considerable variation in sperm morphology between subspecies, with 
differences in sperm head and midpiece length, as well as total sperm length between 
several of the sampled taxa. Seventy percent of the phenotypic variation in total sperm 
length was confined to the between-population level, while 60% of the mitochondrial DNA 
and 12% of the nuclear variation resided between populations. The maximum estimated 
time since divergence among individuals in our sample was estimated to be 350 000 ya, 
assuming a 2% sequence divergence per million years (Bromham and Penny 2003; Päckert
et al. 2007; Weir and Schluter 2008; but see Pulquério and Nichols 2007). While we 
acknowledge that this estimate of time since divergence is rather crude, it is consistent with 
earlier suggestions that bluethroat subspecies diverged during the late Pleistocene 
glaciation periods (Questiau et al., 1998; Zink et al., 2003). Both mtDNA and nuclear 
DNA showed a lack of lineage sorting with respect to subspecies. Importantly, these 
findings suggest that bluethroat subspecies have diverged relatively recently and, as such, 
constitute ‘young’ taxa. 
Rapid sperm evolution in the bluethroats 
The high divergence in sperm morphology together with low genetic divergence suggests 
rapid evolution of sperm morphology in the bluethroat. Other studies have also reported 
inter-population variation in sperm morphology (Lüpold et al. 2011; Laskemoen et al. in 
press; Schmoll and Kleven 2011). However, relative divergence in total sperm length was 
considerably higher in bluethroats (11.6%) than between populations/subspecies in five 
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other species (mean divergence: 2.26%, range 0.3-3.7%; see Table 4), as well as between 
four pairs of sister species (mean divergence: 3.48%, range 0.3-9.9%; see Table 5).  
Taken together, our findings demonstrate that the bluethroat represents a suite of 
young taxa exhibiting high divergence in sperm morphology. Few studies including both 
genetic and sperm divergence are available for comparisons. However, studies of the barn 
swallow suggest that European and North American populations diverged approximately 
840 000 ya (1.68% divergence in CO1; Johnsen et al. 2010), but that sperm show just 3.7% 
relative divergence in total sperm length (Laskemoen et al. in press, Table 4). Similar 
comparisons can be made if we consider divergence between sister species. The relative 
sperm divergence between sister species ranged from 0.3% between the house sparrow 
(Passer domesticus) and the Spanish sparrow (P. hispaniolensis, with COI divergence = 
3.0%) to 9.9% between the common redstart (Phoenicurus phoenicurus) and the black 
redstart (P. ochrorus, with COI divergence = 7.5%). Thus, it appears that the large 
divergences in sperm morphology within the bluethroat have arisen over a very short time 
period which suggests that evolutionary change in sperm morphology has been relatively 
rapid in this subspecies complex. Support for the hypothesis that sperm morphology can 
experience rapid evolution, has also been found in other taxa. For example, Landry et al. 
(2003) showed that sperm morphology evolved rapidly within two clades of the sea urchin 
(Echinometra oblonga). A genetic distance based on COI was used to estimate the time 
since divergence between these two clades, and suggested a split about 250 000 years ago, 
which is comparable in time to the mean genetic divergence found within the bluethroats 
(~ 150 000ya). 
Rapid sperm evolution: drift versus selection? 
Laskemoen et al. (in press) hypothesised that variation in sperm morphology at the 
subspecies level might reflect genetic distances between populations, suggesting that drift 
is a main driving force behind this relationship. In agreement with this, we found a 
significant relationship between genetic divergence and divergence in total sperm length 
among bluethroat subspecies (Fig. 3), suggesting that some of the variation in total sperm 
length can be explained by genetic drift among isolated populations. The lack of a positive 
relationship between neutral genetic variation and sperm variation within populations, 
suggests that sperm variation is not a simple function of overall genetic variation in the 
population. Instead, sperm variation in a population may be shaped by postcopulatory 
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sexual selection, mediated by the risk of sperm competition (Kleven et al. 2008, Lifjeld et 
al. 2010, Laskemoen et al. 2013).
Selection imposed through sperm competition is thought to be an important driver 
of evolutionary change in sperm traits (reviewed in Pizzari and Parker 2009). For example, 
because sperm optimised to the fertilising environment of the female reproductive tract are 
likely to experience a fertilisation advantage, it has been suggested that sperm morphology 
should be under stabilising selection such that all sperm match this optimal form. 
Moreover, as the level of sperm competition faced by males increases, the strength of 
stabilising selection is also expected to increase. This idea is supported by recent studies 
showing a negative relationship between sperm competition and variation in sperm length 
(Calhim et al. 2009; Kleven et al. 2009). Consequently, stabilising selection is thought to 
result in a reduction in sperm size variation, though such a reduction in variation does not 
necessarily involve a simultaneous change in mean trait values. However, there is a 
possibility of long-term directional evolution under a scenario of stabilizing selection given 
that the optimal phenotype is consistently larger or smaller than the population mean, even 
if the difference is minute. Hence, directional evolution does not necessarily result from 
directional selection, which favours phenotypes at the extreme end of a distribution. In the 
context of the current study, the observed pattern of divergence in sperm morphology 
might be explained by stabilising selection, if a reduction in variation within-populations 
allowed for variation between populations to be revealed.  
On the other hand, sperm competition has also been associated with directional 
selection for sperm morphology. For example, a range of comparative and intraspecific 
studies have shown that sperm competition can select for both longer (Gomendio and 
Roldan 1991; Balshine et al. 2001; Kleven et al. 2009; Lüpold et al. 2009b) and shorter 
(Garcia- Stockley et al. 1997; García-González and Simmons  2007) sperm. Importantly, 
directional selection for sperm morphology may also explain the patterns observed here. 
Specifically, under this evolutionary scenario we would expect to observe divergence in 
mean trait values among subspecies, a pattern consistent with the results of the current 
study. Regardless of whether the observed pattern is determined by stabilising or 
directional selection, our findings suggest that sperm competition can be an important 
factor leading to intraspecific variation in sperm morphology.  
The level of sperm competition faced by males in a population can be estimated 
from the between-male coefficient of variation (CVbm), which is lower in 
species/populations exhibiting higher rates of EPP and hence higher levels of sperm 


competition (Calhim et al. 2007; Kleven et al. 2008; Lifjeld et al. 2010; Hogner et al., in 
press; Laskemoen et al. in press), presumably because of stabilizing selection on sperm 
size (Lifjeld et al. 2010). We found marginally significant differences in CVbm between 
the  populations, suggesting that they vary in the level of sperm competition, with svecica
exhibiting the highest level (CVbm = 1.9, translating to 27% of nestlings being extrapair 
young according to Lifjeld et al. 2010) and azuricollis the lowest level (CVbm = 3.3, 
translating to 10% of nestlings according to Lifjeld et al. 2010). Similarly, we found 
significant variation in the within-male coefficient of variation (CVwm), but a lack of 
correspondence between CVwm and CVbm values. This could be explained by seasonal 
variation in CVwm, which has been shown for house wrens (Troglodytes aedon) (Cramer et 
al. in press). Variation in sperm lengths within an ejaculate is presumably not a genetically 
coded trait, since all sperm originate from the same diploid set of genes, but may be 
influenced by phenotypic plasticity or production errors during spermatogenesis. 
To date, EPP data are only available for two populations. In the svecica population, 
Johnsen and Lifjeld (2003) found that 49.5% of all nests contained at least one extrapair 
young and 26.3% of all young were sired by extrapair males, while the corresponding 
figures for namnetum were 63.8% of nests and 41.9% of nestlings (Questiau et al. 1999), 
both of which are comparatively high rates of sperm competition (mean for all passerines: 
27.1% of nests, 14.9% of nestlings; Griffith et al. 2002).  Given the lack of data on EPP 
levels and other ecologically relevant variables (e.g. population density, breeding 
synchrony) for several of the subspecies, it is currently not possible to evaluate whether the 
different bluethroat subspecies are subjected to different sexual selection pressures (e.g. via 
differential sperm competition intensity). Nonetheless, we suggest that further 
investigation into differential selection pressures faced by populations/subspecies will help 
to unravel the relative roles of drift and sexual selection in driving sperm evolution in this 
system. 
Directionality of evolutionary change 
In addition to improving our understanding of the speed of evolutionary changes in sperm 
traits, our data offer some insight into the directionality of evolutionary change in sperm 
length. Specifically, the genetic analyses in both this study and the study by Johnsen et al. 
(2006), indicates a closer relationship among the cyanecula, namnetum and azuricollis
subspecies, than among any of these subspecies and svecica. Assuming these results 
accurately reflect the relationship among bluethroat species, our data on total sperm length 
	

suggest a lack of overall directionality in trait evolution. Instead, under the assumption that 
azuricollis is the ancestral subspecies (cf. Johnsen et al. 2006), then sperm length appears 
to have first evolved towards shorter lengths in namnetum and cyanecula, with subsequent 
evolution towards longer total sperm length in svecica. Unfortunately, however, robust 
testing of the directionality of trait evolution requires a relatively well-resolved phylogeny. 
Given that currently genetic coverage of these subspecies is relatively low (Zink et al. 2003; 
Johnsen et al. 2006), determining the ancestral and derived populations with the subspecies 
complex is not possible. Consequently, we recommend that future studies use more 
comprehensive genetic sampling in order to obtain a robust phylogeny and allow more 
sophisticated tests of directional evolution in sperm traits to be performed.  
Taxonomic implications 
Our results, both in terms of mtDNA and sperm morphology variation, are consistent with 
the findings by Johnsen et al. (2006) showing significant differentiation between the four 
bluethroat taxa, svecica, namnetum, cyanecula and azuricollis, thus supporting their status 
as independently evolving entities or taxa. This contrasts with the results of Zink et al. 
(2003), who found no support for subspecies using the mitochondrial control region and 
cyt b. It should be noted that we intentionally selected the most distinct subspecies, both 
based on microsatellite and phenotypic divergence (Johnsen et al. 2006) and hence the 
larger degree of population differentiation in mtDNA (FST = 0.61) compared to Zink et al. 
(2003) was to be expected. There are also similarities between Zink et al. (2003) (FST = 
0.29) and our study: both studies found support for one northern and one southern group, 
and mitochondrial nucleotide diversity was equivalent in both studies (i.e. 0.0023). The 
subspecies azuricollis, was described by Mayaud (1958), and was only recently recognised 
in The Clements Checklist (Clements et al. 2012), whereas the IOC World Bird List (Gill 
and Donsker 2012) and leading bird handbooks (Cramp1988; del Hoyo et al. 2005) place 
the Iberian bluethroats in the subspecies cyanecula. Our data strongly support azuricollis
as a separate subspecies as they are highly divergent both in sperm morphology and 
constitute a monophyletic clade in the mtDNA tree. Furthermore, this study shows that the 
volgae subspecies does not fall into one group, but that individuals from this (putative) 
subspecies are distributed across both mtDNA and nuclear gene trees. These findings, 
combined with the fact that the sperm measurements of volgae males fall between those of
svecica and cyanecula males, and that males in our study population show a mixture of 
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ornamental spot colouration (chestnut, white and a chestnut/white mix; E. Matsyna, 
unpublished data), renders the status of volgae as a separate subspecies questionable. 
Sperm divergence and speciation 
Given the apparently rapid divergence of sperm morphology in bluethroats and some other 
taxa and the comparative evidence that sperm competition leads to both stabilizing and 
directional selection on sperm morphology, a plausible hypothesis is that sperm 
competition increases the likelihood of sperm divergence in allopatric populations, which 
in turn may result in reproductive isolation upon secondary contact and, ultimately, 
speciation (Howard et al., 2009; Pitnick et al., 2009). If so, one would predict that species 
with high sperm competition should show higher levels of sperm divergence than those 
with low sperm competition, and that speciation should be more rapid in species with high 
sperm competition than in those with low sperm competition. While the last prediction is 
difficult to evaluate at present due to lack of data in the literature, the first prediction is 
supported by available data on within-species sperm divergence in passerines, although the 
data points are few (table 4): the two species with small and non-significant sperm 
divergence both have low levels of sperm competition (pied flycatcher: Lifjeld et al. 1991, 
15% of nests, 4% of nestlings; common redstart: 11% of nests, 2% of nestlings; Kleven et 
al. 2007) compared to the four species with significant sperm divergence (% nests, range: 
48-72, % nestlings, range: 26-42) (Weatherhead and Boag 1995; Johnsen and Lifjeld 2003; 
Kleven et al. 2005; Schmoll et al. 2005,). The hypothesis that sperm competition promotes 
speciation through its effects on sperm divergence clearly warrants further investigation. 
In conclusion, high divergence in sperm morphology combined with low genetic 
divergence suggests that sperm morphology has evolved rapidly in the bluethroat 
subspecies complex. While the relative importance of selection (e.g. via sperm competition) 
and drift is unknown, we suggest that selection is likely to have played an important role in 
driving sperm evolution because of the relatively short time span over which change has 
occurred. Moreover, our findings suggest that sperm divergence may play an important 
role in the early stages of the speciation process. Divergences in both primary (this study) 
and secondary sexual characters (song: Turcokova et al. 2010; Turcokova et al. 2011; 
plumage: Johnsen et al. 2006) among several distinct bluethroats subspecies (Johnsen et al. 
2006), suggests a role for sexual selection in the diversification of this subspecies complex.  
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Table 2: Tukey HSD tests; variables: head, midpiece, total sperm length and CVwm. Approximate Probabilities 
for Post Hoc Tests Error: Between MS = 27.80, df = 77.00. Significant results highlighted in bold (after 
Bonferroni corrections). 
Trait subspecies azuricollis cyanecula namnetum svecica 
Head
cyanecula 0.33    
namnetum 0.09 1.00   
svecica 0.32 0.002 <0.001
volgae 0.97 0.18 0.05 0.90 
Midpiece
cyanecula <0.001    
namnetum <0.001 0.002   
svecica <0.001 0.40 0.61  
volgae <0.001 0.83 0.10 0.93 
Total 
cyanecula <0.001    
namnetum <0.001 0.03  
svecica <0.001 <0.001 0.10  
volgae <0.001 0.13 1.00 0.13 
CVwm
cyanecula <0.001    
namnetum 0.48 0.03   
svecica 1.00 <0.001 0.31  
volgae 0.60 0.07 1.00 0.46 
  


Table 3: FST-values based on mitochondrial DNA with associated P-values above the diagonal. Significant 
results highlighted in bold (after Bonferroni corrections). 
azuricollis cyanecula namnetum svecica volgae 
azuricollis < 0.001 < 0.001 < 0.001 < 0.001 
cyanecula 0.80 < 0.001 < 0.001 < 0.001 
namnetum 0.75 0.20 < 0.001 < 0.001 
svecica 0.76 0.56 0.53 < 0.001
volgae 0.70 0.36 0.34 0.26 
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Figure 1: Box plot illustrating differences in total sperm length for the five subspecies of the 
bluethroat. White line represents mean values, boxes indicate ± SE and whiskers indicate ± 
SD. Se results for test statistics.    
Figure 2: Maximum likelihood tree (HKY+G model, 10,000 bootstrap replicates) based on 
the COI and control region combined (1229bp) for 84 bluethroats. Only bootstrap values 
above 50% are shown. Green = azuricollis, blue = cyanecula, red = namnetum, black = 
svecica, pink = volgae and purple = the outgroup Luscinia megarhynchos
Figure 3: Plot illustrating pair-wise correlation between the genetic variation (FST) in mtDNA 
and total sperm length variation (PST). See results for test statistics.   
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Table S1: Overview of the populations sampled and their associated coordinates. 
Subspecies Location Latitude Longitude 
azuricollis León, Spain 42 º22'N 5º59'E 
cyanecula Wroclaw, Poland 51º11'N 16º57'E 
cyanecula Thüringen, Germany 50º21'N 10º44'E 
cyanecula Trebon, Czech R. 49º3'N 14º43'E 
namnetum Brière, France 47º21'N 2º12'W 
namnetum Guérande, France 47º20'N 2º25'W 
svecica Heimdalen, Norway 61º25'N 8º52'E 
volgae Nizhny Novgorod, 
Russia 
56º15'N 44º9'E 
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Table S3: Overview of the primers used and their PCR annealing temperatures. 
Locus C1 Primer sequence (5’-3’) PCR2 Reference 
Vldlr-7 Z F: AGACCATGATCTCCAGCGCT 56 Borge et al. (2005) 
  R: CCTTCCAGGTAGACATGATG   
Brm-15 Z F: AGCACCTTTGAACAGTGGTT 56 Borge et al. (2005) 
  R: TACTTTATGGAGACGACGGA    
COI Passer m F: CCAACCACAAAGACATCGGAACC 52 Lohman et al (2009) 
COI Passer  R: GTAAACTTCTGGGTGACCAAAGAATC   
L437 m F:CTCACGAGAACCGAGCTACT 52 Tarr (1995) 
 H1248  R: CATCTTCAGTGTCATGCT   
1 DNA class: Z = Z-linked, m = mtDNA 
2 Annealing temperature 
  


Table S4: The genetic diversity for the different subspecies and regions.  
Gene Location Subspecies N L  Tajima’s D 
COI+ control 
region 
mtDNA azuricollis 21 1239 0.0006 -1.42 
cyanecula 15 1239 0.0005 -0.02 
namnetum 16 1239 0.0009 0.71 
svecica 18 1239 0.0016 -0.84 
volgae 14 1219 0.0022 -1.20 
  combined 84 1219 0.0023 -1.31 
BRM+VLDLR z-region azuricollis 8 932 0.0006 1.17 
  cyanecula 20 923 0.0074 0.03 
  namnetum 10 931 0.0038 1.11 
  svecica 15 926 0.0063 -1.21 
  combined 53 923 0.0061 -1.16 


Figure S1: Maximum likelihood tree (Tamura-3-Parameter model, 10,000 bootstrap 
replicates) based on the intron BRM-15 (353bp) for 53 bluethroats. Only bootstrap values 
above 50% are shown. Green = azuricollis, blue = cyanecula, red = namnetum, black = 
svecica, and purple = the outgroup Luscinia megarhynchos
Figure S2: Maximum likelihood tree (Kimura-2-Parameter model, 10,000 bootstrap replicates) 
based on the intron VLDLR (580bp) for 53 bluethroats. Only bootstrap values above 50% are 
shown. Green = azuricollis, blue = cyanecula, red = namnetum, black = svecica, and purple = 
the outgroup Luscinia megarhynchos
  


Figure S1 
	

Figure S2 

IV
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Abstract
Recentmultilocus studies of congeneric birds have shown apattern of elevated inter-
speciﬁc divergence on the Z chromosome compared to the autosomes. In contrast,
intraspeciﬁcally, birds exhibit less polymorphism on the Z chromosome relative to
the autosomes. We show that the four black-and-white Ficedula ﬂycatcher species
show greater genetic divergence on the Z chromosome than on the autosomes, and
that the ratios of intraspeciﬁc polymorphism at Z-linked versus autosomal markers
are below the neutral expectation of 75%. In all species pairs, we found more ﬁxed
substitutions and fewer shared polymorphisms on the Z chromosome than on the
autosomes. Finally, using isolation with migration (IMa) models we estimated gene
ﬂow among the four closely related ﬂycatcher species. The results suggest that dif-
ferent pattern of evolution of Z chromosomes and autosomes is best explained by
the faster-Z hypothesis, since the estimated long-term gene ﬂow parameters were
close to zero in all comparisons.
Introduction
When species diverge from each other, they are expected to
gradually lose shared polymorphisms and accumulate ﬁxed
substitutions, due to randomgenetic drift anddiversifying se-
lection. Even though levels of polymorphism and divergence
are expected to correlate across loci, divergence rates may dif-
fer between different parts of the genome. For example, loci
under selection and linked sites will show different patterns
of variation compared to those evolving neutrally (Nachman
1997; Wang et al. 1997; Fay and Wu 2000; Schlo¨tterer 2003).
Also demographic events can cause deviations from patterns
expected under neutrality (Kreitman 2000). For example, a
reduced population size would lead to a reduction of genetic
variation, loss of alleles (especially rare ones), and random
changes in allele frequencies (Frankham 1996). One useful
approach for separating demographic processes and selection
is to analyze patterns of divergence and polymorphism across
several unlinked loci. Selection will typically only affect the
target loci and closely linked regions whereas demographic
processes will affect the whole genome.
Several studies have shown that the macro sex chromo-
some (X and Z in male and female heterogametic taxa, re-
spectively) play an important role in the evolution of repro-
ductive isolation between closely related species (Presgraves
2008; Qvarnstro¨m and Bailey 2009). Hybrids of the heteroga-
metic sex typically suffer greater ﬁtness reduction than ho-
mogametic hybrids (Haldane1922), probablymainlybecause
recessive alleles that are incompatiblewith heterospeciﬁc alle-
les at other loci get exposed to selection in the heterogametic
c© 2012 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative
Commons Attribution Non Commercial License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited and is not used for commercial purposes.
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sex but stay masked by dominance in the homogametic sex
(Turelli and Orr 1995; Orr 1997). Also prezygotic barriers
appear often to be controlled by sex-linked genes (reviewed
by Qvarnstro¨m and Bailey 2009). For instance, studies of the
pied ﬂycatcher Ficedula hypoleuca and the collared ﬂycatcher
F. albicollis have shown that Z-linked genes control bothmale
secondary sexual traits and female mate preferences (Sætre
et al. 2003; Sæther et al. 2007).
The effective population size of Z-linked loci is ideally
0.75 of that of autosomal loci since females only have one
Z-chromosome. Hence, at a balanced sex ratio and equal
mutation rates the neutral expectation is that the nucleotide
variation at Z-linked genes would be 3:4 of that at autosomal
loci (Ellegren 2009). However, several studies of birds have
reported much lower ratios than 0.75, suggesting that addi-
tional forces are reducing variation on the Z-chromosome
relative to autosomes (Berlin and Ellegren 2004; Borge et al.
2005b; Storchova et al. 2010; Backstro¨m andVa¨li 2011; Elgvin
et al. 2011). At the same time, a pattern of elevated interspe-
ciﬁc divergence on the Z chromosome compared to the auto-
somes has also been found in birds (e.g., Borge et al., 2005b;
Storchova et al. 2010; Elgvin et al. 2011). One explanation for
this apparent nonneutral pattern is the faster-Z hypothesis
(Charlesworth et al. 1987). Faster adaptive evolution on the
Z is expected because (partially) recessive beneﬁcial muta-
tions are not masked by dominance in the heterogametic sex.
Likewise, (partially) recessive deleterious mutations would
be more effectively purged on the Z compared to autosomes
due to hemizygous exposure. Associated selective sweeps on
the Z chromosome would contribute to further reduce in-
traspeciﬁc polymorphism (Charlesworth et al. 1987; Borge
et al. 2005b). Genetic drift can also contribute to a faster-
Z effect because the lower effective population size of the
Z chromosome would be associated with increased rates of
genetic drift and thus an increased ﬁxation rate of mildly
deleterious mutations (Charlesworth et al. 1987; Mank et al.
2010).
A secondhypothesis, here termed thedifferential introgres-
sion hypothesis, is that the accumulation of incompatibilities
on theZ-chromosomemay reduce the rate of introgression of
Z-linked compared to autosomal genes and essentially pro-
duce the same pattern as predicted by the faster-Z hypothesis
(Carling et al. 2010; Storchova et al. 2010; Backstro¨m and
Va¨li 2011). The two hypotheses are not mutually exclusive,
however. For instance, a faster-Z effect may speed up diver-
gence and hence contribute to the accumulation of sex-linked
incompatibilities that would reduce Z-linked introgression
(e.g., Elgvin et al. 2011).
In this study, we test between the two hypotheses by ana-
lyzing pattern of polymorphism and divergence on Z-linked
and autosomal loci in all the four species of the old world
black-and-white ﬂycatcher complex: the pied (F. hypoleuca),
collared (F. albicollis), Atlas (F. speculigera), and semicollared
ﬂycatcher (F. semitorquata) (Fig. 1). The pied and collared
ﬂycatchers have earlier been investigated in some detail with
respect to the role of selection in speciation (see Qvarnstro¨m
et al. 2010; Sætre and Sæther 2010 for recent reviews). Amod-
erate level of gene ﬂow has been observed at autosomal loci
between the collared and the pied ﬂycatchers living in sympa-
try, while introgression on the Z chromosome is apparently
absent (Sætre et al. 2003; Borge et al. 2005a; Backstro¨m et al.
2010). In a study of allopatric pied and collared ﬂycatchers
(from Spain and Italy, respectively), Borge et al. (2005b) re-
ported signiﬁcantly reduced levels of genetic variation but
elevated rate of divergence at Z-linked loci in both species.
However, Borge et al. (2005b) were unable to discriminate
between the faster-Z effect and historical autosomal intro-
gression as explanations for the pattern. At present, only the
pied and the collared ﬂycatcher have overlapping breeding
ranges and hybridize. Even if some of the other species may
also have hybridized in the past, we consider it unlikely that all
the four ﬂycatcher species have exchanged genes to the same
extent. Hence, including more species is likely to help disen-
tangling the relative importance of differential introgression
and faster-Z in shaping the genomes of these birds.
To critically test between the faster-Z and the differential
introgression hypotheses, we use isolation with migration
model analysis (IMa) to estimate key demographic param-
eters, including effective population sizes, divergence times,
and levels of gene ﬂow between the species pairs at both the
Z-linked and autosomal datasets. From the differential in-
trogression hypothesis, we predict higher estimates of gene
ﬂow between the species at the autosomal compared to the Z-
linked dataset, and that the amount of estimated gene ﬂowon
Z should be negatively associated with the degree of elevated
divergence and reduced polymorphism on the Z relative to
the autosomes among the different species pairs. From the
faster-Z hypothesis, we predict no difference in amount of
gene ﬂow between autosomal and Z-linked loci.
Materials and Methods
Samples
Adult breeding birds of the pied, collared, semicollared, and
Atlas ﬂycatchers were caught at their respective breeding
grounds (Fig. 2). The Atlas ﬂycatchers are from near Azrou,
Morocco (N = 15 males, 33◦26′N, 5◦13′W), the collared
ﬂycatchers are from near Pescasseroli, Italy (N = 16 males,
41◦48′N, 13◦47′E) and from Pilis Mts, Hungary (N = 16
males, 47◦43′N, 19◦01′E), the pied ﬂycatchers are from near
Oslo, Norway (N = 16 males, 59◦59′N, 10◦46′E) and from
La Granja, Spain (N = 14 males and two females, 40◦14′N,
55◦93′W), and the semicollared ﬂycatchers are from Kam-
chia, Bulgaria (N = 12 males and three females, 42◦53′N,
26◦58′E). All birds were caught using mist nets and play-
back. Additionally, one male red-breasted ﬂycatcher caught
380 c© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Figure 1. Males of the four study species. Top left: Atlas ﬂycatcher Ficedula speculigera (photo: Gunilla Andersson), top right: collared ﬂycatcher F.
albicollis (photo: Miroslav Kra´l), bottom left: pied ﬂycatcher F. hypoleuca (photo: Miroslav Kra´l), bottom right: semicollared ﬂycatcher F. semitorquata
(photo: Silje Hogner).
inNorthernMoravia, CzechRepublic, is included in the anal-
ysis to serve as an outgroup.
DNA preparation
Approximately 25 μl of blood were collected from each in-
dividual by brachial venipuncture, and suspended in 1 mL
Queen’s lysis buffer (Seutin et al. 1991). DNA extractions
were done using two different kits, QIAampDNABloodMini
Kit (Qiagen AB, Sollentuna, Sweden) and eZNA Blood DNA
Kit (Omega Bio-Tek, Norcross, Georgia, USA), following the
manufacturers protocols for each of the two kits.
Several primer pairs that have been tested on Ficedula ﬂy-
catchers were available from previous studies (Primmer et al.
2002; Borge et al. 2005b). These primers were designed as
described by Primmer et al. (2002), using chicken (Gallus
gallus) sequences, available from GenBank, as templates. The
primers were designed in exon sequences ﬂanking introns
of sizes appropriate for direct sequencing of both autoso-
mal andZ-linked genes. Newﬂycatcher-speciﬁc primers were
designed for long introns when the ampliﬁcation successes
for these were variable (Borge et al. 2005b). In this study,
we used primers that had high ampliﬁcation success in ear-
lier studies on the pied and collared ﬂycatcher (Primmer
et al. 2002; Sætre et al. 2003; Borge et al. 2005b) and that
yielded high-quality sequences also in the other two species
(Table 1).
The introns were ampliﬁed in PCR reaction volumes of
10 μl, containing dH2O, 1× PCR buffer II (Applied Biosys-
tems), 1.5 mM magnesium, 0.2 mM dNTP (ABgene, Epsom,
UK), 0.5 mM forward and reverse primer, 3% Dimethyl sul-
foxide (DMSO), 0.25UAmpliTaqDNApolymerase (Applied
Biosystems, Foster City, California, USA), and approximately
50 ng DNA template. The ampliﬁcations were run on a DNA
Engine Tetrad 2 (MJResearch,Waterton,MA). The following
proﬁle was used: 95◦C for 1 min, 94◦C for 30 sec, primer-
speciﬁc annealing temperature (see Table 1) (55–60◦C) for
30 sec, 72◦C for 1 min, then the second and third step an-
other 34–39 cycles before the last step, 72◦C for 10 min.
Three milliliters of PCR product was electrophoresed in 1%
Tris/Borate/EDTA (TBE) agarose to conﬁrm ampliﬁcation
success and to exclude any contamination.
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Figure 2. Breeding distribution of the Atlas ﬂycatcher Ficedula speculigera (yellow), collared ﬂycatcher F. albicollis (red), pied ﬂycatcher F. hypoleuca
(blue), and semicollared ﬂycatcher F semitorquata (green). The hatched area indicates areas of distributional overlap between the pied and collared
ﬂycatcher. Sampling localities are indicated with black dots.
The remaining PCR product was puriﬁed by digesting
unincorporated nucleotides and primers using diluted (1:9)
ExoSap-It (United States Biochemical Cleveland) run at 37◦C
for 45 min followed by 80◦C for 15 min to inactivate the en-
zyme. The PCR products were then sequenced using BigDye
Terminator sequencing buffer and v 3.1 Cycle Sequencing
kit (Applied Biosystems). The sequences were aligned and
edited using ClustalW in the program Mega 4.0.2 (Tamura
et al. 2007) or in Sequencher 4.1 (Gene Codes, Ann Arbor,
MI) and modiﬁed manually. Each base was called, using at
least single-fold coverage sequencing reads for each strand.
All sequences for each locus were adjusted to the same length
as the shortest sequence of that locus for comparison. We
analyzed intronic sequences from ﬁve Z-linked and six auto-
somal loci (accession numbers: JN995666-JN996468).
Previous reviewers have suggested that the sample sizes in
this study are not sufﬁcient to distinguish between the faster-
Z and the differential introgression hypotheses. We disagree
for three main reasons. First, previous studies utilizing a sim-
ilar number of loci and individuals have found signiﬁcant
differences in level of polymorphisms and divergence be-
tween Z-linked and autosomal genes (e.g., Storchova et al.
2010; Elgvin et al. 2011). Second, our study is unique in the
sense that we compare several geographically dispersed pop-
ulations/species that differ in the likelihood of having experi-
enced episodes of introgressive hybridization. Although both
hypotheses predict reduced polymorphism and increased di-
vergence of Z-linked compared to autosomal loci, they differ
with respect to the heterogeneity of this signal. The faster-
Z hypothesis predicts that all pairs of populations will be
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Table 1. Primer information and ampliﬁcation conditions.
Locus C1 Primer sequence (5′-3′)2 Annealing temperature
Acly-16 A F: ACCATGAATTATCCCCAGGTGAG 55
R: CAAAACCATTGGTACCCCACAG
Alas1-8 A F: CCGAGTCACATCATTCCCGT 55
R: AGCAGCATCTGCAACCTGAA
Fas-y A F: TGAAGAAGGTCTGGGTGGAGA 50
R: CTCCAATAAGGTGCGGTGA
Rho-1 A F: CATCGAGGGCTTCTTTGCC 55
R: TTTAGACACACAATTTCTATTTAACACCTGT
Rpl30-3 A F: CCAAGTTGGTCATCCTAGCCA 60
R: GCCACTATAATGATGGACACCAGTC
Tgfb2-5 A F: TGCCTGCCATACATCCAGTG 55
R: TGCTTGCTTCCTGAATGATCCT
Aldob-6 Z F: AGACCATGATCTCCAGCGCT 55
R: CCTTCCAGGTAGACATGATG
Brm-12 Z F: CCCTATCTCATCATTGTTCC 50
R: CACAGAAGGAGCCCATTTGT
Chdz 15 Z F: TAGAGAGATTGAGAACTACAGT 52
R: GACATCCTGGCAGAGTATCT
Chdz 18 Z F: TACATACAGGCTCTACTCCT 58
R: CCCCTTCAGGTTCTTTAAAA
Ghr5 1 Z F: GCTTCCATTATGTATCTTACC 55
R: TTTGGCTTCTAGAGTTTTGCA
GHR5 2 Z F: ATGTTATTGCTTGTTCAGAGTG 58
R: GAGTATTTGGAATAAAACAGCC
Vldlr-8 Z F: GTTATTGGCTATGAATGTGA 54
R: GTTGATACAGATTTGGCTAC
Vldlr-9 Z F: AAGTGTGAATGTAGCCGTGG 54
R: TCGGTTGGTGAAAATCAGAC
Vldlr-12 Z F: GTTCCTTCCTCATCCTCTTG 55
R: ATAGACTGCCTCGTTCTCTC
1Chromosome class: A = autosomal; Z = Z-linked.
2Borge et al. (2005).
similarly affected, whereas the differential introgression hy-
pothesis would only affect population pairs that have hy-
bridized extensively after partial reproductive isolation has
developed. Finally, our sample sizes allow good estimates of
historic gene ﬂow between several population pairs using a
coalescent simulation framework (see below).
Cloning
Sequences with difﬁcult gaps were cloned in order to get the
respective haplotypes. All cloning was performed using the
Zero Blunt TOPO PCR cloning kit (Invitrogen) and trans-
formed into Escherichia coli DH5α chemically competent
cells as recommended by Invitrogen (Invitrogen, Carlsbad,
California, USA). The transformed cells were then grown on
LB agar containing Kanamycin (100 μg/mL) as a selection
marker. Eight positive colonies from each cloned individual
were picked with sterile toothpicks and diluted with 6 μl
dH2O and used directly as PCR template. Ampliﬁcation and
puriﬁcation was performed as described for genomic DNA
and standard M13 primers were used.
Polymorphism and divergence
The program DnaSP 4.0 (Librado and Rozas 2009) was used
to analyze polymorphism. Two common measures of nu-
cleotide polymorphism were calculated: π , the average num-
ber of nucleotide differences per site between two sequences
(Nei 1987) and θW, the population mutation parameter es-
timated from the number of segregating sites in the aligned
sample of sequences. θ = 4Neμ for autosomal loci and 3Neμ
for Z-linked loci, in which Ne is the effective population size
and μ is the neutral mutation rate (Nei 1987). The π and
θW parameters were estimated with standard deviations in
DnaSP.
We calculated the Z:autosomal ratio (Zθ :Aθ ) of average
pairwise sequence differences. This was done by dividing the
average pairwise sequence difference per nucleotide for each
Z-linked locus by the average pairwise sequence difference
per nucleotide for all autosomal loci.
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Table 2. Polymorphism summaries of Z-linked genes in the four black-and-white Ficedula ﬂycatcher species.
Gene Species1 N2 L3 K4 S5 s6 7 θw8 Tajima’s D9
Aldob-6 A-Mar 30 437 10 0 0 0 0 –
C-It 30 437 9 1 0 0.0004 0.0006 –0.409
P-Spa 31 437 9 3 1 0.0006 0.0017 0.179
C-Hun 32 437 9 1 0 0.0004 0.0006 –0.448
P-Nor 32 437 9 0 0 0 0 –
S-Bul 27 437 10 1 1 0.0002 0.0006 −1.154
Brm-12 A-Mar 28 1439 30 20 11 0.0017 0.0036 −1.897
C-It 28 1438 33 11 4 0.0014 0.0002 −0.910
P-Spa 24 1439 34 12 1 0.0030 0.0022 1.118
C-Hun 30 1439 30 26 11 0.0037 0.0046 −0.704
P-Nor 26 1438 32 23 8 0.0033 0.0042 −0.773
S-Bul 25 1434 23 15 8 0.0030 0.0043 −1.077
Chdz A-Mar 30 638 14 1 0 0.0005 0.0004 0.216
C-It 29 638 13 1 1 0.0001 0.0004 −1.149
P-Spa 31 638 14 3 1 0.0006 0.0012 −1.183
C-Hun 30 638 13 4 2 0.0006 0.0016 −1.574
P-Nor 32 638 14 1 0 0.0004 0.0004 0.147
S-Bul 27 638 13 1 0 0.0004 0.0004 0.017
Ghr A-Mar 30 548 9 3 0 0.0021 0.0014 1.147
C-It 30 555 9 4 3 0.0010 0.0018 −0.796
P-Spa 31 555 10 4 1 0.0008 0.0018 −1.430
C-Hun 32 555 9 4 0 0.0014 0.0018 −0.541
P-Nor 32 555 10 6 2 0.0013 0.0027 −1.456
S-Bul 27 555 10 5 2 0.0020 0.0023 −0.452
Vldlr A-Mar 30 562 5 9 2 0.0030 0.0040 −0.771
C-It 30 562 4 12 3 0.0062 0.0054 0.464
P-Spa 28 562 4 3 0 0.0007 0.0014 −1.115
C-Hun 32 558 4 13 6 0.0049 0.0058 −0.481
P-Nor 30 562 4 4 2 0.0011 0.0018 −0.960
S-Bul 27 562 4 11 8 0.0026 0.0051 −1.598
Total Z A-Mar 30 3624 68 33 13 0.0014 0.0015 −0.161
C-It 30 3631 68 29 11 0.0020 0.0021 −0.102
P-Spa 31 3631 71 25 4 0.0010 0.0015 −1.113
C-Hun 32 3641 65 48 19 0.0024 0.0029 −0.580
P-Nor 32 3641 69 34 12 0.0009 0.0012 −0.736
S-Bul 27 3626 60 33 19 0.0013 0.0021 −1.338
Acly-16 A-Mar 30 358 5 0 0 0 0 –
C-It 30 358 5 1 1 0.0002 0.0007 −1.147
P-Spa 30 358 5 2 1 0.0006 0.0014 −1.256
C-Hun 32 358 5 2 2 0.0004 0.0014 −1.504
P-Nor 32 358 5 0 0 0 0 –
S-Bul 30 358 5 1 1 0.0002 0.0007 −1.147
Alas1-8 A-Mar 30 290 12 7 2 0.0051 0.0061 −0.479
C-It 30 290 14 9 4 0.0054 0.0078 −0.957
P-Spa 34 290 15 6 2 0.0027 0.0051 −1.302
C-Hun 32 290 13 9 3 0.0062 0.0077 −0.620
P-Nor 32 290 15 7 3 0.0023 0.0060 −1.786
S-Bul 30 288 13 9 2 0.0083 0.0079 0.144
Fas-y A-Mar 26 551 10 0 0 0 0 –
C-It 26 552 11 7 3 0.0018 0.0033 −1.377
P-Spa 34 551 10 1 1 0.0001 0.0004 −1.138
C-Hun 32 550 11 1 1 0.0001 0.0005 −1.142
P-Nor 30 551 10 2 1 0.0009 0.0009 −0.136
S-Bul 30 551 9 6 1 0.0013 0.0028 −1.515
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Table 2. Continued.
Gene Species1 N2 L3 K4 S5 s6 7 θw8 Tajima’s D9
Rho-1 A-Mar 30 372 8 8 2 0.0049 0.0054 −0.306
C-It 30 372 7 6 1 0.0049 0.0041 0.577
P-Spa 30 372 7 8 1 0.0072 0.0054 0.970
C-Hun 26 371 7 11 6 0.0060 0.0078 −1.002
P-Nor 32 372 7 6 1 0.0057 0.0047 0.644
S-Bul 30 372 6 12 4 0.0070 0.0081 −0.450
Rpl30-3 A-Mar 30 983 17 22 7 0.0058 0.0057 0.107
C-It 30 983 16 21 2 0.0053 0.0054 −0.051
P-Spa 30 983 17 14 7 0.0021 0.0036 −1.392
C-Hun 32 982 20 23 13 0.0043 0.0058 −0.893
P-Nor 28 983 17 21 2 0.0083 0.0055 1.806
S-Bul 26 983 21 15 3 0.0055 0.0040 1.295
Tgfb2-5 A-Mar 30 402 5 6 2 0.0042 0.0038 0.308
C-It 30 402 5 6 4 0.0021 0.0038 −1.277
P-Spa 34 402 5 3 0 0.0021 0.0018 0.289
C-Hun 32 402 5 11 4 0.0047 0.0068 −1.354
P-Nor 32 402 5 7 4 0.0030 0.0043 −0.875
S-Bul 30 401 5 6 3 0.0043 0.0038 −0.075
Total A A-Mar 30 2956 57 43 13 0.0045 0.0045 −0.054
C-It 30 2957 58 50 15 0.0040 0.0045 −0.455
P-Spa 34 2956 59 34 12 0.0013 0.0020 −0.986
C-Hun 32 2958 61 57 29 0.0031 0.0044 −1.177
P-Nor 32 2975 59 43 11 0.0028 0.0037 −0.799
S-Bul 30 2956 59 49 14 0.0038 0.0044 −0.557
1A-Mar = Atlas ﬂycatcher from Morocco; C-It = collared ﬂycatcher from Italy; P-Spa = pied ﬂycatcher from Spain; C-Hun = collared ﬂycatcher from
Hungary; P-Nor = pied ﬂycatcher from Norway; S-Bul = semicollared ﬂycatcher from Bulgaria.
2Number of sites surveyed.
3Sequence length.
4Number of divergent sites with outgroup.
5Number of segregating sites.
6Number of singleton sites.
7Average pairwise sequence difference per nucleotide (Nei 1987).
8Expected heterozygosity per nucleotide (Watterson 1975).
9None of the D-values signiﬁcant after correcting for multiple tests.
Polymorphisms were divided into four categories for each
of the species pairs: variable sites exclusive to one of the
species, shared polymorphisms, ﬁxed differences, and the
average number of pairwise differences.
To test if the levels of polymorphism and divergence
were correlated between loci and species as predicted under
neutrality, multilocus Hudson–Kreitmann–Aguade (HKA)
tests (Hudson et al. 1987) were run for all species pairs for
both Z-linked and autosomal loci using the online software
of Jody Hey’s lab (http://lifesci.rutgers.edu/∼heylab). Devia-
tions from the expected relationship may indicate that selec-
tion has affected genetic variation. The polymorphism and
divergence data from Table 2 and Table S1 were used for these
tests. For all species pairs, 10,000 coalescent simulations were
run to assess signiﬁcance.
DnaSPwasused to computeTajima’sD (Tajima1989). This
neutrality test is based on the allele frequency spectrum. It
can be used to infer previous evolutionary and demographic
events that the populations have experienced. Negative val-
ues of Tajima’s D reﬂect an excess of rare polymorphisms
in the populations, while positive values indicates an excess
of intermediate-frequency alleles. An excess of rare alleles
might result from positive selection or an increase in popula-
tion size, whereas an excess of intermediate-frequency alleles
might result from balancing selection or a population bottle-
neck (Akey et al. 2004).
Population divergence
For sequences that contained more than one heterozygous
site, and in which cloning was not performed, haplotypes
were inferred using the programme Phase version 2.1.1
(Stephens and Donnelly 2003). Each run had the follow-
ing values set, iterations (10,000), thinning interval (1), and
burn-in (1000). Harrigan et al. (2008) showed that haplo-
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types with a PHASE probability greater than 0.5 are reliable.
Consequently, we used 0.5 as a lower limit.
Analysis of molecular variance (AMOVA) was run using
Arlequin v 3.5 (Excofﬁer et al. 2005) to examine the genetic
structure of the populations. The variance was partitioned
into four: between the species, between individualswithin the
species, among individuals within populations, and within
the different individuals. Pairwise species differentiation was
estimatedusingFST (Weir andCockerham1984),withdefault
settings in the population comparisons. These FST values can
be used as short-term genetic distances between populations.
The null distribution of pairwise FST values is obtained by
permutating haplotypes between populations under the hy-
pothesis of no differences between populations. The P-value
of the test is given as the proportions of simulations giving
an FST value larger or equal to the observed one.
IMa model
Recombination was calculated as the minimum number of
recombination events (RM) using the four-gamete test in
DnaSP (Hudson and Kaplan 1985). The sites with recombi-
nation were excluded from the coalescent analysis.
In order to estimate the timing, magnitude of divergence
and gene ﬂow between the four species, a coalescent frame-
work, the IMa (Nielsen and Wakeley 2001; Hey and Nielsen
2007) model was used. We included one population from
each of the four species. We chose the Norwegian population
of the pied ﬂycatcher because previous analyses had indicated
inbreeding effects (violations of the neutral model) in the al-
ternative Spanish population (Haavie et al. 2000). Further, we
included the Italian population of the collared ﬂycatcher be-
cause the alternative Hungarian population is located close
to the pied × collared ﬂycatcher hybrid zone, and hence,
could have been affected by recent introgression (Borge et al.
2005a).
Initial IMa runs were conducted using wide priors set as
recommended in the IMa manual. Two ﬁnal sets of runs were
conducted, one with only one chain (run multiple times with
different random seed numbers) and one with 10 chains
and 10 swapping events. First, the multiple ﬁnal runs were
conducted with a length between 8.0 × 107 and 9.0 × 108
generations, where the ﬁrst 30% were discarded as burn-
in. Second, a run contained 10 chains and 10 chain swap
attempts per step, with a burn-in period of 10–15% and a
run length between 2.0 × 107 and 3.0 × 107 generations. No
runs were stopped before the effective sample size values had
exceeded at least 200. Two separate IMa analyses were run for
each species pairs: (1) the autosomal dataset containing six
autosomal loci and (2) the Z-linked dataset containing ﬁve
Z-linked loci. Two independent runs, with different random
seed numbers, were conducted per comparison.
In order to convert the parameter estimates into demo-
graphic quantities, we used a neutral mutation rate of 1.35 ×
10–9 substitutions per site per year for autosomal genes (Elle-
gren 2007) and 1.45 × 10–9 substitutions per site per year for
Z-linked genes (Axelsson et al. 2004; Ellegren 2007). Using
these mutation rates and setting the generation time to one
year, we calculated the geometric mean of mutation rates per
locus for the different datasets. There was good agreement
between the independent runs and therefore we only report
the results from the longest independent run.
Results
Intraspeciﬁc polymorphism
We found that the frequency of polymorphic sites was quite
heterogeneous among loci and somewhat higher overall for
the autosomal loci than for the Z-linked loci (Table 2; Fig. 3).
The total frequency of polymorphic sites was signiﬁcantly
higher at the autosomal loci than the Z-linked ones in the At-
las ﬂycatcher (P = 0.048), the Italian collared ﬂycatcher (P =
0.0013), The Spanish pied ﬂycatcher (P = 0.050), and the
semicollared ﬂycatcher (P = 0.0072), and nearly signiﬁcantly
higher also in the Hungarian collared ﬂycatcher (P = 0.060)
and theNorwegian pied ﬂycatcher (P = 0.064) (Fisher’s exact
tests). Combining the P-values above in a Fisher’s combined
probability test yields a highly signiﬁcant test statistic (χ2 =
46.35, df = 12, P < 0.0001). Hence, there is an overall re-
duction in the frequency of polymorphic sites at the Z-linked
loci in the dataset. For all species except the Spanish pied
ﬂycatchers, the Zθ :Aθ ratios were below the expected value
of 0.75 (Fig. 4). The ratio was signiﬁcantly lower than 0.75
in the Atlas ﬂycatcher (t = 2.72, df = 10, P = 0.022, one-
sample t-test) and the Italian collared ﬂycatcher (t = 2.23,
df = 10, P = 0.050) and nearly so also in the Norwegian pied
ﬂycatcher (t = 1.82, df = 10, P = 0.098). The other ratios did
not differ signiﬁcantly from the expectation of 0.75 (P > 0.1,
one-sample t-tests). However, when combining all Zθ :Aθ ra-
tios, Fisher’s combinedP-valueswere signiﬁcant (χ2 = 25.80,
df = 12, P = 0.012).
Fixed and shared polymorphisms between
species
For all the species combinations, the average number of
shared polymorphisms was higher at the autosomal than
the Z-linked loci (Fig. 5). In contrast, the level of ﬁxed dif-
ferences was in most cases higher at the Z-linked than at
the autosomal loci (Fig. 6). The ratio of ﬁxed differences
to shared polymorphisms was signiﬁcantly higher at the Z-
linked loci compared to autosomal ones in ﬁve of 13 species
comparisons (Atlas ﬂycatcher vs. Italian collared ﬂycatcher,
Atlas ﬂycatcher vs. Norwegian pied ﬂycatcher, Italian col-
lared ﬂycatcher vs. Norwegian pied ﬂycatcher, Italian collared
ﬂycatcher vs. Spanish pied ﬂycatcher, and semicollared ﬂy-
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Figure 3. Mean frequency (± SE) of polymorphic sites for Z-linked (blue) and autosomal (red) loci in the six populations. A-Mar, Atlas ﬂycatcher from
Morocco; C-It, collared ﬂycatcher from Italy; C-Hun, collared ﬂycatcher from Hungary; P-Spa, pied ﬂycatcher from Spain; P-Nor, pied ﬂycatcher from
Norway; S-Bul, semicollared ﬂycatcher from Bulgaria.
Figure 4. The ratio of Z to autosomal variation measured as the expected heterozygosity for each Z-linked locus (θ (z)) divided by the expected
heterozygosity for all autosomal loci (θ (A)). The dashed line indicates the expected value of 0.75. A-Mar, Atlas ﬂycatcher from Morocco; C-It,
collared ﬂycatcher from Italy; C-Hun, collared ﬂycatcher from Hungary; P-Spa, pied ﬂycatcher from Spain; P-Nor, pied ﬂycatcher from Norway; S-Bul,
semicollared ﬂycatcher from Bulgaria.
catcher vs. Norwegian pied ﬂycatcher) (Fisher’s exact tests:
P < 0.05); and nearly signiﬁcantly higher also between Atlas
ﬂycatcher versus Spanish pied ﬂycatcher, Hungarian collared
ﬂycatcher versus Norwegian pied ﬂycatcher, and Atlas ﬂy-
catcher versus semicollared ﬂycatcher (Fisher’s exact tests:
0.1 > P > 0.05). However, when using Bonferroni correction
formultiple comparisons and setting alpha to 0.05, only three
comparisons remain statistically signiﬁcant (Atlas ﬂycatcher
c© 2012 The Authors. Published by Blackwell Publishing Ltd. 387
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Figure 5. Average number of shared polymorphisms ±
SE at Z-linked (blue) and autosomal (red) loci between
the different ﬂycatcher populations. A-Mar, Atlas
ﬂycatcher from Morocco; C-It, collared ﬂycatcher from
Italy; C-Hun, collared ﬂycatcher from Hungary; P-Spa,
pied ﬂycatcher from Spain; P-Nor, pied ﬂycatcher from
Norway; S-Bul, semicollared ﬂycatcher from Bulgaria.
Figure 6. Average number of ﬁxed differences ± SE
at Z-linked (blue) and autosomal (red) loci between
the different ﬂycatcher populations. A-Mar, Atlas
ﬂycatcher from Morocco; C-It, collared ﬂycatcher
from Italy; C-Hun, collared ﬂycatcher from Hungary;
P-Spa, pied ﬂycatcher from Spain; P-Nor, pied
ﬂycatcher from Norway; S-Bul, semicollared ﬂycatcher
from Bulgaria.
vs. Italian collared ﬂycatcher, Italian collared ﬂycatcher vs.
Norwegian pied ﬂycatcher, and Atlas ﬂycatcher vs. Norwe-
gian pied ﬂycatcher).
Tests of neutrality
HKA tests for all population comparisons revealed no sig-
niﬁcant deviations from expected values at neither the au-
tosomal nor the Z-linked loci (all P-values > 0.17; Table
S2). We also performed neutrality test based on the allele fre-
quency distribution, namely Tajima’s D for each locus. Again,
none of the tests showed any signiﬁcant deviations from
neutrality (Table 2). For all species except the Atlas ﬂycatcher
and the Norwegian pied ﬂycatchers, the Tajima’s D values
were slightly negative at both the Z-linked and the autosomal
loci. Hence, the allele frequency spectra closely match the
neutral expectations, with a small skew toward rare alleles
(and a small skew toward alleles of intermediate frequencies
in the Atlas ﬂycatcher and the Norwegian pied ﬂycatchers).
Population divergence
AMOVA for all Z-linked loci combined showed that about
76% of the variation could be explained by differences be-
tween species, 7% by variation among individuals within
populations, 16% by variation within individuals, and less
than 1% from variation among populations within groups.
For all autosomal loci combined, 47% of the variation could
be explained by differences between species, 5% by variation
between individuals within populations, 47% by variation
within individuals, and around1%byvariation amongpopu-
lations within groups (Table 3). We also computed FST values
for each of the species pairs (Table 4). All the FST values were
high, quite similar between the different species pairs and
signiﬁcantly larger than zero, all P < 0.01. Hence, all the four
species are genetically strongly differentiated fromeachother.
Using pairwise comparisons, FST was signiﬁcantly higher
at the Z-linked dataset compared to the autosomal dataset
(Table 2; t = 7.06, df = 14, P < 0.0001, paired t-test). Re-
stricting the test to between-species comparisons further in-
creased the signiﬁcance (t = 10.1, df = 12, P < 0.000001,
paired t-test).
IMa analysis
We found very low estimates of levels of gene ﬂow at both the
Z-linked and autosomal dataset in all species pairs (Fig. 7;
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Table 3. Analysis of molecular variation (AMOVA) between six populations (four species) of Ficedula ﬂycatchers.
Source of variation df Sum of squares Variance components Percentage of variation P -value
Z-linked loci
Between species 3 1380.82 5.38 76.41 <0.05
Among populations within species 2 8.77 0.04 0.53 <0.05
Among individuals within populations 170 361.68 0.50 7.16 <0.001
Within individuals 176 197.00 1.12 15.90 <0.001
Total 351 1928.26 7.04
Autosomal loci
Between species 3 643.12 2.28 47.09 <0.05
Among populations within species 2 12.45 0.05 1.11 <0.01
Among individuals within populations 182 503.96 0.26 5.30 <0.001
Within individuals 188 424.00 2.26 46.50 <0.001
Total 375 1574.53 4.85
Table 4. Pairwise FST values between six populations (four species) of
Ficedula ﬂycatchers; Atlas ﬂycatcher from Morocco (A-Mar), collared ﬂy-
catcher from Italy (C-It) and Hungary (C-Hun), pied ﬂycatcher from Spain
(P-Spa) and Norway (P-Nor), and semicollared ﬂycatcher from Bulgaria
(S-Bul). All values are signiﬁcant except the one marked with an asterisk.
P-Spa P-Nor C-Hun C-It S-Bul A-Mar
Z-linked loci
P-Spa 0.000
P-Nor 0.049 0.000
C-Hun 0.692 0.699 0.000
C-It 0.703 0.710 0.016 0.000
S-Bul 0.760 0.763 0.557 0.578 0.000
A-Mar 0.851 0.853 0.819 0.827 0.853 0.000
Autosomal loci
P-Spa 0.000
P-Nor 0.034 0.000
C-Hun 0.420 0.438 0.000
C-It 0.484 0.504 0.020∗ 0.000
S-Bul 0.466 0.498 0.412 0.441 0.000
A-Mar 0.605 0.629 0.374 0.382 0.500 0.000
Table 5). In fact, the posterior probability densities ap-
proached zero migration in all runs (Fig. 7). The di-
vergence time estimates suggested more recent splits be-
tween the species pairs at the autosomal dataset (range
298,086–756,159 years ago) compared to the Z-linked dataset
(range 385,550–1, 245,572 years ago) (Fig. 8; Table 5). The ef-
fective population size estimates were high in all four species
and quite similar at the autosomal and Z-linked datasets
(Fig. 9; Table 5). For most parameters in most runs, we got
good convergence and the posterior probability tails were
zero or close to zero within the parameter range. For the ones
that did not reach zero, the highest and most probable peak
was within the prior parameter range.
Discussion
We analyzed polymorphism and divergence at ﬁve Z-linked
and six autosomal loci in and between the four black-and-
white Ficedula ﬂycatcher species. The Z-linked markers ex-
hibited reduced levels of polymorphism, yet elevated levels
of differentiation between the species pairs compared to the
autosomal ones. Such a pattern of elevated divergence and
reduced polymorphism has previously been reported also
among other closely related bird species (Berlin and Ellegren
2004; Borge et al. 2005b; Storchova et al. 2010; Backstro¨m
and Va¨li 2011; Elgvin et al. 2011), and has alternately been
attributed to faster adaptive divergence on theZ chromosome
(the faster-Z hypothesis) and/or reduced introgression on the
Z chromosome due to accumulation of sex-linked incompat-
ibilities (the differential introgression hypothesis). Below, we
discuss our results in more detail to try to disentangle which
of the hypotheses best explains the observed patterns.
Comparison of species pairs
Of the four focal taxa, only thepiedﬂycatcher andcollaredﬂy-
catcher have overlapping breeding ranges at present (Fig. 2).
In sympatric populations of these two species, some hy-
bridization occurs (Qvarnstro¨m et al. 2010; Sætre and Sæther
2010). Evidence suggests that some autosomal introgression
may occur in these sympatric populations whereas Z-linked
introgression is apparently absent (Borge et al. 2005a). This
result is consistent with the differential introgression hypoth-
esis.However, heterospeciﬁc autosomal alleles have only been
found within the hybrid zones and not in adjacent allopatric
populations (Borge et al. 2005a). We thus consider it likely
that the individuals inferred to possess introgressed alleles
in Borge et al. (2005a) are actually recent backcrosses. Wiley
et al. (2009) demonstrated that hybrid problems (low fertil-
ity) is not restricted to F1-hybrids but also occurs in ﬁrst-
and second-generation backcrosses (and possibly beyond).
c© 2012 The Authors. Published by Blackwell Publishing Ltd. 389
Sex Chromosome Evolution in Flycatchers S. Hogner et al.
Figure 7. Posterior probability distribution of the migration rate per generation for autosomal and Z-linked loci, respectively. Only values from the run
with 10 chains and chain swapping are shown here. A-Mar, Atlas ﬂycatcher from Morocco; C-It, collared ﬂycatcher from Italy; P-Nor, pied ﬂycatcher
from Norway; S-Bul, semicollared ﬂycatcher from Bulgaria. Black lines: M1, migration rate from population 2 to 1. Red lines: M2, migration rate from
population 1 to 2.
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Table 5. Summary of the posterior probability values from IMa-analyses scaled by per gene per generation mutation rate (see methods). The highest
point estimate for each parameter is given plus the lower and higher boundaries for the 90% highest posterior density. Only values from the run with
10 chains and chain swapping are given.
Species pair T1 Q12 Q23 M14 M25
A-Mar/P-Nor 430,882 176,067 269,301 2.2 0.067
A (105,120–2,227,958) (64,632–435,339) (97,691–691,454) (0.067–114.3) (0.067–113.0)
993,988 120,490 248,825 0.027 0.02
Z (403,983–2,711,389) (51,954–251,644) (123,872–483,418) (0.027–39.1) (0.02–22.3)
S-Bul/A-Mar 333,689 234,937 166,468 0.043 0.04
A (52,668–1,623,304) (76,838–657,504) (51,727–454,920) (0.043–70.0) (0.043–70.1)
1,205,473 351,081 113,618 0.018 32.3
Z (530,942–5,800,298) (189,419–613,046) (48,085–246,354) (0.018–19.4) (3.8–106.5)
C-It/S-Bul 298,086 231,825 136,164 0.12 0.12
A (72,478–1,097,840) (51,694–838,924) (31,887–416,841) (0.12–118.7) (0.1–163.5)
385,550 225,718 523,381 0.16 0.16
Z (201,676–964,166) (107,441–430,788) (265,995–1,030,164) (0.16–96.5) (0.16–70.9)
C-It/A-Mar 526,701 324,531 111,379 0.074 5.4
A (180,796–1,682,073) (130,989–778,973) (41,767–285,313) (0.074–81.6) (0.074–107.6)
119,6157 186,969 124,053 0.027 13.0
Z (681,592–2,152,259) (88,101–362,236) (55,285–255,409) (0.027–35.5) (0.080–78.1)
P-Nor/S-Bul 756,159 148,231 191,783 6.2 0.12
A (300,063–2,399,3049) (57,612–338,128) (81,102–402,084) (2.2–17.0) (0.12–10.8)
1,245,572 311,134 309,255 2.3 0.17
Z (627,644–2,310,430) (172,845–529,287) (173,330–519,960) (0.17–2.7) (0.17–1.7)
C-It/P-Nor 397,431 435,041 106,529 2.0 0.069
A (116,150–1,045,707) (123,672–1,251,683) (36,384–278,219) (0.070–8.8) (0.069–9.0)
1,096,693 121,179 403,247 1.2 0.12
Z (393,300–5,233,845) (51,195–257,437) (219,780–707,774) (1.2–7.8) (0.12–2.3)
A-Mar = Atlas ﬂycatcher from Morocco; C-it = collared ﬂycatcher from Italy; P-Nor = pied ﬂycatcher from Norway; S-Bul = semicollared ﬂycatcher
from Bulgaria.
1Time since divergence.
2Effective population size 1.
3Effective population size 2.
4Migration rate from population 2 to 1 (per gene per generation, ×10–8).
5Migration rate from population 1 to 2 (per gene per generation, ×10–8).
Hence, current introgression appears to be too low to sig-
niﬁcantly affect genetic variation of the pied and collared
ﬂycatcher except in the very heart of their hybrid zones.
Species distributions are not static and it is certainly possi-
ble that some of the species pairs have experienced secondary
contact in the past, following their initial split. However, the
pattern of elevated divergence and reduced polymorphism
at the Z-linked loci appeared rather consistent among the
different pairs of species: The Zθ :Aθ ratio was below the ex-
pected ratio of 0.75 in all populations except the Spanish
pied ﬂycatcher. However, in a previous study where a larger
number of Z-linked and autosomal markers were analyzed, a
signiﬁcantly reduced Zθ :Aθ ratio was reported also in the
latter population (Borge et al. 2005b), suggesting that the
apparent heterogeneity in the present study may be mainly
due to the lower number of loci included. On the other hand,
species differentiation was consistently larger at the Z-linked
compared to the autosomal loci. We would think that the
degree of historic introgression and the degree to which such
introgression would have been biased toward the autosomes
are likely to have varied among the species pairs. Accordingly,
wewould expect thepatternof polymorphismanddivergence
to have beenmore heterogeneous thanwhatwe observe if dif-
ferential introgressionwas themajor factor affectingZ-linked
and autosomal loci differentially.
IMa analysis
According to the IMa analyses, our estimates of gene ﬂow
between the species pairs do not support the differential
introgression hypothesis. We found no evidence for elevated
rates of autosomal gene ﬂow among any of the species pairs.
The estimates of historic gene ﬂow were close to zero for
all species pairs at both the Z-linked and the autosomal
dataset. Rather, our analyses are consistent with a scenario
of classical allopatric speciation. The four focal taxa are well
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Figure 8. Posterior probability distribution of the time since divergence (in years) for autosomal and Z-linked loci, respectively. Only values from the run
with 10 chains and chain swapping are shown here. A-Mar, Atlas ﬂycatcher from Morocco; C-It, collared ﬂycatcher from Italy; P-Nor, pied ﬂycatcher
from Norway; S-Bul, semicollared ﬂycatcher from Bulgaria.
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Figure 9. Posterior probability distribution of the effective population size for autosomal and Z-linked loci, respectively. Only values from the run with
10 chains and chain swapping are shown here. A-Mar, Atlas ﬂycatcher from Morocco; C-It, collared ﬂycatcher from Italy; C-Hun, collared ﬂycatcher
from Hungary; P-Spa, pied ﬂycatcher from Spain; P-Nor, pied ﬂycatcher from Norway; S-Bul, semicollared ﬂycatcher from Bulgaria. Black lines: Q1,
effective population size for population 1. Red lines: Q2, effective population size for population 2.
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differentiated according to both the autosomal and the Z-
linked dataset, having diverged several hundred thousand
years ago or even more than a million years ago according
to some of the estimates, not very different from previous
estimates based on divergence at mitochondrial DNA (e.g.,
Sætre et al. 2001).
Faster adaptive divergence on the Z
chromosome?
If natural selection has played a signiﬁcant role in shaping
variation and divergence of the Z-chromosome differently
from autosomes, onemay expect to ﬁndmolecular footprints
of selection events in the data. However, neither the HKA
tests nor Tajima’s D revealed any deviations from neutral
expectance, neither at the Z-linked loci nor the autosomal
ones.
Mank et al. (2010) analyzed genomic data from the chicken
and the zebra ﬁnch and found evidence for an elevated dN/dS
ratio on the Z chromosome. They suggested that genetic drift
might be an important contributing factor to this effect. Their
argumentwas that the reduced effective population size of the
Z chromosome, reinforced by a female-biased sex ratio due to
sexual selection, would elevate the rate at which slightly dele-
terious nonsynonymous mutations becomes ﬁxed by drift.
An operational female-biased sex ratio (some males mate
with more than one female) has been observed for both col-
lared and pied ﬂycatchers. In a study by Qvarnstro¨m et al.
(2003), 4%of the collared ﬂycatcher females werematedwith
an already mated male, while the corresponding ﬁgure in the
pied ﬂycatcher is around 10–15% (Lundberg and Alatalo
1992). No such studies have been done on the Atlas or semi-
collared ﬂycatchers, but since they are closely related to the
pied and collared ﬂycatcher, it is likely that they have a similar
mating system, and thus have a somewhat female-biased sex
ratio.
Increased rate of genetic drift could explain (or contribute
to explain) the observed reduction in polymorphism in our
dataset. An elevated mutation rate on the Z-chromosome
could in addition account for the elevated rate of divergence
that we observe. A higher mutation rate is expected on the
Z because mature sperm cells go through more cell divi-
sions than egg cells. Hence, since the Z-chromosome spends
two-third of its time in the male germ line, compared to the
autosomes one-half, a male-biased mutation rate would ele-
vate the overall mutation rate of the Z chromosome. Indeed,
there is some evidence for a male-biased mutation rate in
birds (e.g., Axelsson et al. 2004).
Althoughweacknowledge that genetic drift combinedwith
an elevated mutation rate on the Z chromosome would be
consistent with our results, we certainly do not rule out that
hemizygous exposure of nonneutral alleles has contributed
to the faster-Z effect. Indeed, in a methodologically similar
study as the present one, on two of the species included here,
and using a larger number of markers, Borge et al. (2005b)
reported signiﬁcant deviations from neutrality among the Z-
linked markers according to an HKA test. The latter result
is consistent with recurrent selective sweeps on the Z chro-
mosome that would reduce variation within, and increase
divergence between the taxa.
Conclusions
To our knowledge, reduced variation coupled with an ele-
vated rate of divergence on Z-linked loci relative to autoso-
mal expectance has been found in all avian cases investigated
so far. This consistency suggests that a common evolutionary
force or set of forces related to peculiarities of the Z chro-
mosome in itself shapes the pattern. We consider it unlikely
that differential introgression is a sufﬁciently uniform evolu-
tionary force to account for this seemingly general pattern,
although it may be a contributing factor in certain cases (see
e.g., Carling et al. 2010; Backstro¨m et al. 2010). Rather we
suggest that the pattern is a manifestation of the faster-Z
effect. Further studies are needed to evaluate the relative im-
portance of elevated mutation rates, increased genetic drift,
and more effective selection in shaping the Z chromosome
differently from the other chromosomes.
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TableS1.Fixedandsharedpolymorphismsbetweenspecies.Svaluesarethenumberofvariable
sitesthatoccurinorbetweenspeciespairs.Ssharedindicatesthenumberofsharedpolymorphisms
betweenthedifferentspecies;Sfixedindicatesthenumberoffixeddifferencesbetweenthespecies
andSaverageindicatestheaveragepairwisedifferencebetweenthespeciespairs.TotalZisallZlinked
locicombinedandtotalAisallautosomallocicombined.
Locus SPSpa SCIt Sshared Sfixed Saverage Length
Aldob6 3 1 0 2 3.61 437
BRM12 12 11 1 1 8.423 1437
CHDZ 3 1 0 1 1.227 638
GHR 4 4 1 1 1.674 555
VLDLR 3 12 0 1 4.514 562
TotalZ 25 29 2 6 19.448 3629
ACLY16 2 1 0 0 0.133 358
ALAS18 6 9 0 0 2.678 290
FASY 1 7 0 1 1.568 551
RHO1 7 6 0 1 4.333 371
RPL303 14 21 9 0 5.582 983
TGFB2
5 3 6 1 0 1.192 402
TotalA 33 50 10 2 15.486 2955
Locus SPSpa SSBul Sshared Sfixed Saverage Length
Aldob6 3 1 0 1 1.747 437
BRM12 12 23 2 2 8.453 1433
CHDZ 3 1 0 1 1.342 638
GHR 4 5 0 1 3.06 555
VLDLR 3 11 0 0 4.362 562
TotalZ 25 41 2 5 18.964 3625
ACLY16 2 1 0 0 0.133 358
ALAS18 6 9 1 0 2.471 288
FASY 1 6 0 0 0.396 551
RHO1 8 12 2 1 5.613 372
RPL303 14 15 3 2 13.2 983
TGFB2
5 3 6 0 0 2.231 401
TotalA 34 49 6 3 24.044 2953
Locus SPSpa SAMar Sshared Sfixed Saverage Length
Aldob6 3 0 0 1 1.71 437
BRM12 12 20 2 2 10.324 1438
CHDZ 3 1 0 0 0.36 638
GHR 4 3 1 1 2.978 548
VLDLR 3 9 0 1 5.381 562
TotalZ 25 33 3 5 20.753 3623
ACLY16 2 0 0 0 0.1 358
ALAS18 6 7 0 0 3.212 290
FASY 1 0 0 0 0.029 551
RHO1 8 8 1 1 6.54 372
RPL303 14 22 9 1 11.382 983
TGFB2
5 3 6 0 0 1.831 402
TotalA 34 43 10 2 23.094 2956
Locus SPSpa SCHun Sshared Sfixed Saverage Length
Aldob6 3 1 0 2 3.616 437
BRM12 12 26 3 1 9.153 1438
CHDZ 3 4 0 1 1.394 638
GHR 4 4 1 1 1.658 555
VLDLR 3 13 0 1 4.621 558
TotalZ 25 48 4 6 20.442 3626
ACLY16 2 2 0 0 0.163 358
ALAS18 6 9 0 0 2.537 290
FASY 1 1 0 1 1.061 550
RHO1 8 12 1 1 4.812 371
RPL303 14 23 4 0 6.208 982
TGFB2
5 3 11 1 0 1.57 402
TotalA 34 58 6 2 16.351 2953
Locus SPSpa SPNor Sshared Sfixed Saverage Length
Aldob6 3 1 1 0 0.655 437
BRM12 12 23 6 0 4.958 1438
CHDZ 3 1 0 0 0.35 638
GHR 4 6 3 0 0.573 555
VLDLR 3 4 0 0 0.581 562
TotalZ 25 35 10 0 7.117 3630
ACLY16 2 0 0 0 0.1 358
ALAS18 6 7 2 0 0.75 290
FASY 1 2 0 0 0.329 551
RHO1 8 7 6 0 2.388 372
RPL303 14 21 11 0 6.964 983
TGFB2
5 3 7 3 0 1.046 402
TotalA 34 44 22 0 11.577 2956
Locus SCIt SSBul Sshared Sfixed Saverage Length
Aldob6 1 1 0 3 3.937 437
BRM12 11 23 0 2 5.756 1433
CHDZ 1 1 0 0 0.181 638
GHR 4 5 0 0 1.663 555
VLDLR 12 11 3 0 2.969 562
TotalZ 29 41 3 5 14.506 3625
ACLY16 1 1 0 0 0.067 358
ALAS18 9 9 1 0 4.084 288
FASY 7 6 0 1 1.905 551
RHO1 6 11 4 0 3.733 371
RPL303 21 15 8 3 12.405 983
TGFB2
5 6 6 2 0 1.9 401
TotalA 50 48 15 4 24.094 2952
Locus SCIt SAMar Sshared Sfixed Saverage Length
Aldob6 1 0 0 3 3.9 437
BRM12 11 20 1 1 8.898 1438
CHDZ 1 1 0 1 1.2 638
GHR 4 3 1 0 2.007 548
VLDLR 12 9 1 0 7.267 562
TotalZ 29 33 3 5 23.272 3623
ACLY16 1 0 0 0 0.033 358
ALAS18 9 7 4 0 3.058 290
FASY 7 0 0 1 1.538 551
RHO1 6 8 4 0 2.656 371
RPL303 21 22 8 0 11.88 983
TGFB2
5 6 6 0 0 1.533 402
TotalA 50 43 16 1 20.698 2955
Locus SCIt SCHun Sshared Sfixed Saverage Length
Aldob6 1 1 1 0 0.175 437
BRM12 26 30 7 0 4.352 1438
CHDZ 1 4 0 0 0.233 638
GHR 4 4 1 0 0.744 555
VLDLR 10 13 8 0 2.898 558
TotalZ 42 52 17 0 8.402 3626
ACLY16 1 2 0 0 0.096 358
ALAS18 9 9 7 0 1.669 290
FASY 7 1 0 0 0.57 550
RHO1 6 11 4 0 1.8 370
RPL303 21 23 9 0 4.915 982
TGFB2
5 6 11 5 0 1.384 402
TotalA 50 57 25 0 10.434 2952
Locus SCIt SPNor Sshared Sfixed Saverage Length
Aldob6 1 1 0 2 3.463 437
BRM12 11 23 2 1 9.451 1437
CHDZ 1 1 0 1 1.19 638
GHR 4 6 1 1 1.8 555
VLDLR 12 4 0 1 4.667 562
TotalZ 29 35 3 6 20.571 3629
ACLY16 0 1 0 0 0.033 358
ALAS18 9 7 2 0 2.515 290
FASY 7 2 0 1 1.838 551
RHO1 6 6 0 1 4.096 371
RPL303 21 21 10 0 9.586 983
TGFB2
5 6 7 1 0 1.634 402
TotalA 49 44 13 2 19.702 2955
Locus SSBul SAMar Sshared Sfixed Saverage Length
Aldob6 1 0 0 2 2.037 437
BRM12 23 20 2 0 8.367 1434
CHDZ 1 1 0 1 1.315 638
GHR 5 3 0 0 3.03 548
VLDLR 11 9 1 0 7.068 562
TotalZ 41 33 3 3 21.817 3619
ACLY16 1 0 0 0 0.033 358
ALAS18 9 7 1 0 4.609 288
FASY 6 0 0 0 0.367 551
RHO1 12 8 4 0 4.493 372
RPL303 15 22 5 1 10.797 983
TGFB2
5 6 6 0 0 2.533 401
TotalA 49 43 10 1 22.832 2953
Locus SSBul SCHun Sshared Sfixed Saverage Length
Aldob6 1 1 0 3 3.943 437
BRM12 23 26 3 0 6.757 1434
CHDZ 1 4 0 0 0.348 638
GHR 5 4 0 0 1.869 555
VLDLR 11 13 3 0 2.404 558
TotalZ 41 48 6 3 15.321 3622
ACLY16 1 2 0 0 0.096 358
ALAS18 9 9 1 0 3.967 288
FASY 6 1 0 1 1.398 550
RHO1 12 12 4 0 4.448 371
RPL303 15 23 3 5 12.865 982
TGFB2
5 6 11 3 0 2.438 401
TotalA 49 58 11 6 25.212 2950
Locus SSBul SPNor Sshared Sfixed Saverage Length
Aldob6 1 1 0 1 1.6 437
BRM12 23 23 3 3 9.486 1433
CHDZ 1 1 0 1 1.304 638
GHR 5 6 0 1 3.15 555
VLDLR 11 4 0 0 4.515 562
TotalZ 41 35 3 6 20.055 3625
ACLY16 1 0 0 0 0.033 358
ALAS18 9 7 0 0 2.41 288
FASY 6 2 0 0 0.667 551
RHO1 12 7 2 1 5.538 372
RPL303 15 21 4 0 12.516 983
TGFB2
5 6 7 1 0 2.656 401
TotalA 49 44 7 1 23.82 2953
Locus SAMar SCHun Sshared Sfixed Saverage Length
Aldob6 0 1 0 3 3.906 437
BRM12 20 26 2 0 8.926 1439
CHDZ 1 4 0 1 1.367 638
GHR 3 4 1 0 2.063 548
VLDLR 8 13 1 0 6.39 558
TotalZ 32 48 4 4 22.652 3620
ACLY16 0 2 0 0 0.063 358
ALAS18 7 9 3 0 3.238 290
FASY 0 1 0 1 1.031 550
RHO1 8 12 4 0 3.322 371
RPL303 22 23 3 3 12.567 982
TGFB2
5 6 11 0 0 2.129 402
TotalA 43 58 10 4 22.35 2953
Locus SAMar SPNor Sshared Sfixed Saverage Length
Aldob6 0 1 0 1 1.563 437
BRM12 20 23 3 3 11.558 1438
CHDZ 1 1 0 0 0.323 638
GHR 3 6 1 1 3.106 548
VLDLR 9 4 0 1 5.533 562
TotalZ 33 35 4 6 22.083 3623
ACLY16 0 0 0 0 0 358
ALAS18 7 7 2 0 3.081 290
FASY 0 2 0 0 0.3 551
RHO1 8 7 1 1 6.515 372
RPL303 22 21 12 0 10.19 983
TGFB2
5 6 7 0 0 2.285 402
TotalA 43 44 15 1 22.371 2956
Locus SCHun SPNor Sshared Sfixed Saverage Length
Aldob6 1 1 0 2 3.469 437
BRM12 20 23 3 3 11.558 1438
CHDZ 4 1 0 1 1.356 638
GHR 4 6 1 1 1.791 555
VLDLR 13 4 0 1 4.773 558
TotalZ 42 35 4 8 22.947 3626
ACLY16 2 0 0 0 0.063 358
ALAS18 9 7 1 0 2.383 290
FASY 1 2 0 1 1.331 550
RHO1 12 7 1 1 4.568 371
RPL303 23 21 3 0 10.288 982
TGFB2
5 11 7 2 0 1.948 402
TotalA 58 44 7 2 20.581 2953

TableS2.HudsonKreitmannAguadetests.Expectedandobservednumberofsegregatingsitesforeach
species,andthedivergence(averageno.ofnucleotidedifferences)betweenthedifferentspeciespairs.
AMar  CIt  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 0 1.95 1 1.84 3.9 1.11
BRM_12 20 15.84 11 14.88 8.9 9.17
CHDZ 1 1.28 1 1.2 1.2 0.73
GHR 3 3.57 4 3.4 2.01 2.03
VLDLR 9 11.26 12 10.59 7.27 6.41
ACLY_16 0 0.43 1 0.4 0.03 0.21
ALAS1_8 7 7.85 9 7.38 3.06 3.83
FAS_Y 0 3.49 7 3.28 1.54 1.77
RHO_1 8 6.86 6 6.45 2.66 3.34
RPL30_3 30 25.90 21 24.34 11.88 12.64
TGFB2_5 6 5.57 6 5.24 1.53 2.72
P=0.61
AMar  PSpa  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 0 1.92 3 1.53 1.71 1.23
BRM_12 20 17.69 12 13.24 10.32 11.39
CHDZ 1 1.80 3 1.42 0.36 1.14
GHR 3 4.14 4 3.26 2.98 2.58
VLDLR 9 7.25 3 5.55 5.38 4.58
ACLY_16 0 0.91 2 0.71 0.1 0.48
ALAS1_8 7 6.94 6 5.59 3.21 3.68
FAS_Y 0 0.43 1 0.36 0.03 0.24
RHO_1 8 9.75 8 7.61 6.54 5.18
RPL30_3 22 20.50 14 16 11.38 10.88
TGFB2_5 6 4.64 3 3.73 1.83 2.46
P=0.88
AMar  CHun  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 0 1.63 1 2.23 3.91 1.05
BRM_12 20 18.13 26 24.83 8.93 11.97
CHDZ 1 1.12 1 1.51 1.37 0.73
GHR 3 2.99 4 4.14 2.06 1.94
VLDLR 8 9.12 13 12.39 6.39 5.87
ACLY_16 0 0.70 2 0.96 0.06 0.39
ALAS1_8 7 6.57 9 8.99 3.24 3.68
FAS_Y 0 0.68 1 0.96 1.03 0.39
RHO_1 8 7.86 11 10.16 3.41 4.39
RPL30_3 22 19.67 23 26.88 12.57 11.01
TGFB2_5 6 6.53 11 8.94 2.13 3.66
P=0.84
AMar  PNor  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 0 0.95 1 1.01 1.56 0.6
BRM_12 20 20.46 23 20.9 11.56 13.2
CHDZ 1 0.86 1 0.91 0.32 0.55
GHR 3 4.47 6 4.8 3.11 2.84
VLDLR 9 6.92 4 7.22 5.53 4.39
ACLY_16 0 0.00 0 0 0 0
ALAS1_8 7 6.57 7 6.96 3.08 3.55
FAS_Y 0 0.87 2 0.94 0.3 0.49
RHO_1 8 8.27 7 8.77 6.51 4.47
RPL30_3 22 20.74 21 21.25 10.19 11.2
TGFB2_5 6 5.88 7 6.23 2.29 3.17
P=0.99
AMar  SBul  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 0 1.15 1 1.23 2.53 2.78
BRM_12 20 19.45 23 20.6 2.04 0.66
CHDZ 1 1.26 1 1.34 8.37 11.32
GHR 3 4.16 5 4.49 1.31 0.72
VLDLR 9 10.26 11 10.93 7.07 5.88
ACLY_16 0 0.40 1 0.44 0.03 0.2
ALAS1_8 7 8.69 7 7.99 0.03 0.2
FAS_Y 0 2.40 6 2.73 4.61 3.94
RHO_1 8 9.45 12 10.35 0.37 1.24
RPL30_3 30 21.87 15 12.07 4.49 4.69
TGFB2_5 6 5.62 6 6.14 10.8 10.85
P=0.84
CIt  PSpa  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 1 3.43 3 2.54 3.61 1.64
BRM_12 11 14.35 12 10.11 8.42 6.97
CHDZ 1 2.35 3 1.75 1.23 1.13
GHR 4 4.36 4 3.23 1.67 2.08
VLDLR 12 8.88 3 6.4 4.51 4.24
ACLY_16 1 1.46 2 1.07 0.13 0.6
ALAS1_8 9 8.15 6 6.17 2.68 3.36
FAS_Y 7 4.34 1 3.38 1.57 1.85
RHO_1 6 8.08 7 5.93 4.33 3.33
RPL30_3 21 18.91 14 13.87 5.58 7.8
TGFB2_5 6 4.70 3 3.56 1.19 1.94
P=0.92
CIt  CHun  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 1 0.84 1 1.14 0.17 0.25
BRM_12 11 15.91 26 21.64 4.35 4.77
CHDZ 1 2.04 4 2.72 0.23 0.6
GHR 4 3.37 4 4.58 0.74 0.99
VLDLR 10 10.04 13 13.53 2.9 2.94
ACLY_16 1 1.20 2 1.6 0.1 0.35
ALAS1_8 9 7.55 9 10.24 1.67 2.22
FAS_Y 7 3.22 1 4.52 0.57 0.98
RHO_1 6 7.01 10 9 1.75 2.06
RPL30_3 21 18.78 23 25.46 4.92 5.53
TGFB2_5 6 7.05 11 9.57 1.38 2.08
P=0.99
CIt  PNor  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 1 2.14 1 2.15 3.46 1.18
BRM_12 11 17.18 23 16.64 9.45 9.62
CHDZ 1 1.25 1 1.25 1.19 0.69
GHR 4 4.62 4 4.64 1.8 2.54
VLDLR 12 8.14 4 8.05 4.67 4.48
ACLY_16 1 0.42 0 0.42 0.03 0.2
ALAS1_8 9 7.47 7 7.5 2.52 3.55
FAS_Y 7 4.31 2 4.41 1.84 2.12
RHO_1 6 6.49 6 6.52 4.1 3.08
RPL30_3 21 21.09 21 20.47 9.59 10.02
TGFB2_5 6 5.90 7 5.93 1.63 2.8
P=0.85
CIt  SBul  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 1 2.25 1 2.51 3.94 1.18
BRM_12 11 15.04 23 16.72 5.76 8
CHDZ 1 0.83 1 0.92 0.18 0.43
GHR 4 4.04 5 4.51 1.66 2.12
VLDLR 12 9.83 11 10.99 3.97 5.15
ACLY_16 1 0.79 1 0.91 0.07 0.37
ALAS1_8 9 8.50 9 9.69 4.08 3.89
FAS_Y 7 5.59 6 6.65 1.91 2.67
RHO_1 6 7.95 11 9.13 3.73 3.66
RPL30_3 21 18.86 15 20.83 12.4 8.69
TGFB2_5 6 5.34 6 6.11 1.9 2.45
P=0.95
PSpa  CHun  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 3 2.35 1 3.84 3.62 1.43
BRM_12 12 13.99 26 24.08 9.15 9.08
CHDZ 3 2.61 4 4.2 1.39 1.58
GHR 4 2.98 4 4.87 1.66 1.81
VLDLR 0 0.00 0 0 0 0
ACLY_16 2 1.30 2 2.15 0.16 0.71
ALAS1_8 6 5.61 9 8.98 2.54 2.95
FAS_Y 1 0.97 1 1.57 1.06 0.52
RHO_1 8 7.68 11 11.98 4.8 4.15
RPL30_3 14 13.53 23 22.35 6.21 7.33
TGFB2_5 3 4.98 11 7.97 1.57 2.62
P=0.99
PSpa  PNor  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 3 1.75 1 2.36 0.66 0.55
BRM_12 12 14.79 23 20.2 4.96 4.97
CHDZ 3 1.63 1 2.2 0.35 0.51
GHR 4 3.97 6 5.35 0.57 1.25
VLDLR 3 2.82 4 3.84 0.58 0.91
ACLY_16 2 0.79 0 1.07 0.1 0.24
ALAS1_8 6 5.25 7 6.91 0.75 1.58
FAS_Y 1 1.28 2 1.66 0.33 0.39
RHO_1 8 6.51 1 8.85 2.39 2.03
RPL30_3 14 15.99 21 21 6.96 4.98
TGFB2_5 3 4.22 7 5.56 1.05 1.27
P=0.99
PSpa  SBul  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 3 1.75 1 2.62 1.75 1.37
BRM_12 12 12.78 23 20.01 8.45 10.66
CHDZ 3 1.63 1 2.44 1.34 1.27
GHR 4 3.67 5 5.51 3.06 2.88
VLDLR 3 5.49 11 8.45 4.36 4.42
ACLY_16 2 0.97 1 1.51 0.13 0.65
ALAS1_8 6 5.56 9 8.31 2.47 3.6
FAS_Y 1 2.32 6 3.54 0.4 1.53
RHO_1 8 7.94 12 12.33 5.61 5.34
RPL30_3 14 13.32 15 19.92 13.2 8.96
TGFB2_5 3 3.56 6 5.35 2.23 2.32
P=0.96
CHun  PNor  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 1 2.50 1 1.9 3.47 1.06
BRM_12 26 27.35 23 20.07 10.26 11.84
CHDZ 4 2.88 1 2.26 1.36 1.25
GHR 4 5.39 6 4.11 1.79 2.3
VLDLR 13 9.98 4 7.54 4.77 4.25
ACLY_16 2 0.97 0 0.74 0.06 0.36
ALAS1_8 9 8.60 7 6.56 2.38 3.22
FAS_Y 1 2.04 2 1.53 1.33 0.76
RHO_1 11 10.24 7 8.26 4.54 4.04
RPL30_3 23 25.71 21 18.95 10.29 9.62
TGFB2_5 11 9.34 7 7.12 1.95 3.49
P=0.90
CHun  SBul  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 1 2.65 1 2.24 3.94 1.5
BRM_12 26 24.85 23 20.88 6.76 10.02
CHDZ 4 2.36 1 2.03 0.5 0.96
GHR 4 4.46 5 3.77 1 1.77
VLDLR 13 11.73 11 10 2.4 4.67
ACLY_16 2 1.39 1 1.21 0.1 0.5
ALAS1_8 9 9.90 9 8.55 3.97 3.51
FAS_Y 1 3.77 6 3.28 1.4 1.35
RHO_1 11 11.99 12 11.01 4.51 4.51
RPL30_3 23 23.16 15 19.43 12.87 8.27
TGFB2_5 11 8.74 6 7.59 2.44 3.11
P=0.75
PNor  SBul  Divergence
Locus Observed Expected Observed Expected Observed Expected
ALDOB_6 1 1.29 1 1.49 1.6 0.82
BRM_12 23 19.81 24 23.53 9.49 13.15
CHDZ 1 1.19 1 1.37 1.3 0.75
GHR 4 4.37 5 5.03 3.15 2.76
VLDLR 4 7.58 11 9.03 6.39 4.78
ACLY_16 0 0.38 1 0.45 0.03 0.21
ALAS1_8 7 6.78 9 7.98 2.41 3.65
FAS_Y 2 3.15 6 3.79 0.67 1.73
RHO_1 7 9.00 12 10.66 5.54 4.88
RPL30_3 21 17.70 15 20.89 12.52 9.92
TGFB2_5 7 5.57 6 6.79 2.66 3.11
P=0.99
A-Mar = Atlas from Morocco, C-It = collared from Italy, P-Spa = pied from Spain, C-Hun = collared from 
Hungary, P-Nor = pied from Norway,  S-Bul = semicollared from Bulgaria

